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Glutathione (GSH) is the main non-protein thiol in cells whose functions are dependent 
on the redox-active thiol of its cysteine moiety that serves as a cofactor for a number 
of antioxidant and detoxifying enzymes. While synthesized exclusively in the cytosol 
from its constituent amino acids, GSH is distributed in different compartments, including 
mitochondria where its concentration in the matrix equals that of the cytosol. This feature 
and its negative charge at physiological pH imply the existence of specific carriers to 
import GSH from the cytosol to the mitochondrial matrix, where it plays a key role in 
defense against respiration-induced reactive oxygen species and in the detoxification of 
lipid hydroperoxides and electrophiles. Moreover, as mitochondria play a central strategic 
role in the activation and mode of cell death, mitochondrial GSH has been shown to critically 
regulate the level of sensitization to secondary hits that induce mitochondrial membrane 
permeabilization and release of proteins confined in the intermembrane space that once 
in the cytosol engage the molecular machinery of cell death. In this review, we summarize 
recent data on the regulation of mitochondrial GSH and its role in cell death and prevalent 
human diseases, such as cancer, fatty liver disease, and Alzheimer's disease. 
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INTRODUCTION 

Glutathione (GSH), the major intracellular thiol compound, is a 
ubiquitous tripeptide produced by most mammalian cells and it is 
the main mechanism of antioxidant defense against reactive oxy- 
gen species (ROS) and electrophiles. GSH (y-glutamyl-cysteinyl- 
glycine) is synthesized de novo in two sequential enzymatic 
ATP-dependent reactions. In the first step, cysteine and gluta- 
mate are linked in a reaction catalyzed by the y-glutamylcysteine 
synthase (y-GCS) to form y-glutamylcysteine. This first reaction 
is the rate-limiting step in the synthesis of GSH and is regulated 
by cysteine availability. The completion of GSH synthesis is cat- 
alyzed by glutathione synthetase (GS), in a reaction in which 
y-glutamyl-cysteine is covalently linked to glycine (Figure 1). 
The antioxidant function of GSH is determined by the redox- 
active thiol (-SH) of cysteine that becomes oxidized when GSH 
reduces target molecules (Pompella etal, 2003). Upon reaction 
with ROS or electrophiles, GSH becomes oxidized to GSSG, which 
can be reduced to GSH by the GSSG reductase (GR). Thus, the 
GSH/GSSG ratio reflects the oxidative state and can interact with 
redox couples to maintain appropriate redox balance in the cell. 



Abbreviations: AD, Alzheimer disease; APP, amyloid precursor protein; ASH, 
alcoholic steatohepatitis; ETC, electron transport chain; Gpx, glutathione per- 
oxidase; Grx, glutaredoxin; GSH, glutathione; GSSG, oxidized glutathione; GST, 
glutathione- S- transferase; IMM, inner mitochondrial membrane; mGSH, mito- 
chondrial glutathione; MPT, mitochondrial permeability transition; NASH, non- 
alcoholic steatohepatitis; NO, nitric oxide; NPC, Niemann-Pick type C disease; 
OMM, outer mitochondrial membrane; OXPHOS, oxidative phosphorylation; Prx, 
peroxiredoxin; ROS, reactive oxygen species; SOD, superoxide dismutase; StARDl, 
steroidogenic acute regulatory domain 1; Trx, thioredoxin. 



The synthesis of GSH from its constituent amino acids 
occurs exclusively in cytosol, where y-GCS and GS reside. 
However, GSH is found in intracellular organelles including 
endoplasmic reticulum (ER), nucleus, and mitochondria to 
control compartment-specific needs and functions (Mari etal., 
2009, 2010). Except for the ER, intracellular GSH is mainly 
found in its reduced form. While the percentage of the total 
cell GSH content found in mitochondria is minor (10-15%), 
the mitochondrial glutathione (mGSH) concentration is simi- 
lar to that found in the cytosol. As GSH has a net negative 
charge at physiological pH, the high concentration of mGSH 
implies the existence of specific transport systems that work 
against an electrochemical gradient (Griffith and Meister, 1985; 
Garcia-Ruiz etal, 1994; Mari etal, 2009, 2010). As discussed 
below, despite being a small fraction of total intracellular GSH, 
mGSH plays a critical function in the maintenance of mito- 
chondrial function and cell survival (Lash, 2006; Mari etal., 
2013). 

Mitochondria in mammalian cells generate most of the cellular 
energy by means of the oxidative phosphorylation (OXPHOS) 
that is essential for myriad cellular functions. OXPHOS pro- 
vides an efficient mechanism to couple electron transport to 
synthesize ATP from ADR Mitochondria are also involved in 
key cellular functions such as Ca 2 + homeostasis, heme biosyn- 
thesis, nutrient metabolism (Cheng and Ristow, 2013), steroid 
hormone biosynthesis, removal of ammonia, integration of 
metabolic and signaling pathways for cell death and autophagy 
(Hammerman etal., 2004; Renault and Chipuk, 2013). Emerging 
evidence indicates a central role of mitochondria in initiating 



w ww.f rontiersi n .org 



July 2014 | Volume 5 | Article 151 I 1 



Ribas etal. 



Glutathione and mitochondria 




FIGURE 1 | Glutathione synthesis in cytosol and compartimentalization 
in mitochondria. GSH is synthesized from its constituent amino acids in the 
cytosol by the sequential action of y-glutamylcysteine synthase (y-GCS) and 
GSH synthase (GS). The functions of GSH are determined largely by the -SH 
of cysteine as by its role as a cofactor for antioxidant enzymes. Once 



synthesized in the cytosol, GSH can be transported to mitochondrial matrix by 
different carriers, particularly the 2-oxoglutarate carrier (OGC) and the 
dicarboxylate carrier (DIC), located in the mitochondrial inner membrane. The 
function the OGC has been shown to be dependent on changes in 
mitochondrial membrane dynamics. 



signals in response to metabolic and genetic stress which 
affects nuclear gene expression, causing changes in cell function 
(Raimundo, 2014). Mitochondria contain multiple copies of their 
own genome, mitochondrial DNA (mtDNA), which encodes for 
13 polypeptides of the OXPHOS and respiratory chain, as well as 
two ribosomal RNAs and 22 transfer RNAs necessary for trans- 
lation of polypeptides inside mitochondria. As a consequence, 
the main mitochondrial proteome (~1500 proteins) is encoded 
by the nucleus, translated in the cytosol and imported into the 
mitochondria through specific translocator complexes (TIM and 
TOM) of the inner mitochondrial membrane (IMM) and outer 
mitochondrial membrane (OMM), respectively. 

Oxidative phosphorylation is organized in a series of subse- 
quent steps involving several redox centers distributed in five 
protein complexes embedded in the IMM (Sun etal., 2013; 
Venditti et al., 2013). Complex I obtain the electrons from NADH 
(NADH-coenzyme Q oxidoreductase) and complex II (succinate- 
coQ oxidoreductase) from succinate. Both these two complexes, 
independently of each other, use the lipid soluble carrier located 
into the IMM, ubiquinone (coenzyme Q) to form ubiquinol. 
From ubiquinol, the electrons pass down the redox gradient 
through complex III (coenzyme Q-cytochrome c oxidoreductase) 
to cytochrome c, then to complex IV (cytochrome c oxidase) and 
to the final acceptor, oxygen (O2) to produce water. The fall in 
electron potential energy through this electron transport chain 
(ETC) is used to pump protons out the mitochondrial matrix to 
the intermembrane space (IMS). This proton pumping creates a 
proton-motive force consisting of electrical and proton gradients. 
This force is used by the fifth protein complex (Complex V, ATP 
synthase) to regenerate ATP from ADR The proton-motive force 



created by the ETC is also used for many additional mitochondrial 
processes, especially those related with transport across the IMM 
(Kulawiak etal, 2013). 

Although the primary function of mitochondria is to generate 
ATP as an energy molecule required for countless cell functions, a 
small fraction of electrons from the ETC are transferred directly to 
O2, resulting in the generation of the superoxide anion, which can 
give rise to other ROS as well as reactive nitrogen species (RNS). 
Mitochondria are the primary intracellular site of oxygen con- 
sumption and the major source of ROS, most of them originating 
from the ETC. In accordance with this, it has been estimated that 
the steady-state concentration of superoxide in the mitochondrial 
matrix is 5- to 10- fold higher than in the cytosol (Cadenas and 
Davies, 2000). Associated with this constant flow of ROS gener- 
ation, mitochondria are also a target for the damaging effects of 
oxygen radicals (Fernandez-Checa and Kaplowitz, 2005; Kaelin, 
2005; Orrenius et al, 2007). 

Although ROS generated under physiological conditions are 
not harmful, and likely play a signaling role, toxic or pathological 
conditions that lead to an impairment of mitochondrial function 
can increase the release of ROS. Mitochondrial ROS are increased 
under hypoxia, ischemia/reperfusion injury, chemical stress, drug 
treatment, and under many pathophysiological conditions (Srini- 
vasan and Avadhani, 2012). Despite that mitochondria are exposed 
to the generation of oxidant species, the existence of an efficient 
antioxidant defense system, of which mGSH is a critical com- 
ponent, prevents or repairs oxidative damage generated during 
normal aerobic metabolism (Mari etal, 2013). In the following 
sections, we summarize some of the most important aspects of 
mGSH physiology, its role in mitochondrial function and release 
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of mitochondrial apoptotic factors and the impact of its depletion 
in disease. 

MITOCHONDRIAL ROS GENERATION AND DEFENSE 

Reactive oxygen species can be generated in several intracel- 
lular sites, including cytosol, peroxisomes, plasma membrane, 
and ER. However, mitochondrial ETC is the main cellular pro- 
cess of ROS generation in most cell types in physiological 
circumstances (Venditti etal., 2013). Although normal electron 
transport in mitochondria involves four-electron reduction of 
O2 to water, partial reduction reactions occur under physi- 
ological conditions, causing release of superoxide anion and 
hydrogen peroxide (H2O2). Although ROS can be generated 
at several sites of the ETC (Figure 2; Brand, 2010; Quin- 
lan etal., 2013), complex I and complex III (Venditti etal., 
2013) have been shown to be the most important sources of 
mitochondrial superoxide generation, although significant pro- 
duction of ROS in complex II has recently also been reported 
(Quinlan etal., 2012). 

The primary ROS produced by the ETC is superoxide, a free 
radical with moderate reactivity, whose generation can lead to 
more reactive or secondary ROS derivatives. Indeed, superox- 
ide can undergo dismutation to H2O2, a mild oxidant that can 
be converted to the highly reactive hydroxyl radical in the pres- 
ence of transition metals (Fe 2+ , Cu + ) by means of the Fenton 



reaction. H2O2 has a longer half-life and can cross membranes 
(Cadenas and Davies, 2000), consequently it has been identified 
as a suitable second messenger molecule, in part because of its 
reactions with specific oxidation-prone protein cysteinyl residues 
(Sies, 2014), which confers properties to H2O2 as a mitochondrial 
signal (Raimundo, 2014). 

Reactive oxygen species can attack biomembranes, enzymes, 
proteins, and nucleic acids (Venditti etal., 2013). These oxidative 
effects can be neutralized by antioxidant systems, engaging in a 
delicate balance that determines the fate and impact of ROS in 
cells. Although oxidative stress was defined originally as a bal- 
ance between oxidants and antioxidants systems, an equilibrium 
among antioxidant strategies is needed to avoid the generation of 
oxidants and ROS (Mari etal., 2010). For instance, if the activity 
of superoxide scavenging by SOD2 exceeds the capacity to remove 
the H202 generated, this oxidant can cause oxidative damage or 
be converted to other ROS. 

SUPEROXIDE. HYDROGEN PEROXIDE, AND PEROXYNITRITE 
GENERATION 

Despite the fact that superoxide can be generated in extramito- 
chondrial reactions, in most cell types mitochondria appear as 
the main source of superoxide generation. From the several sites 
that can generate superoxide in the mitochondrial matrix, only 
the superoxide produced at complex III appears to be released 




FIGURE 2 I Mitochondrial ROS generation and antioxidant defense 
systems. Complex I flavin site (Clp), Complex I ubiquinone site (CIq), 
Complex II flavin site (Clip), and Complex IIIq 0 (CINqq) are sites of the- ETC 
components shown to generate superoxide anion. Other sources of 
superoxide can be enzymatic reactions that transfer electrons to the ETC 
such as mitochondrial glycerol 3-phosphate dehydrogenase (mGPDH), and 
the last step of p-oxidation, electron-trasferring flavoprotein ubiquinone 
oxidoreductase (ETFQOR) or dehydrogenases such as pyruvate 
dehydrogenase (PDH), 2-oxoglutarate dehydrogenase (OGDH) and 



branched-chain 2-oxoacid dehydrogenase (BCKDH). Superoxide generated in 
the mitochondrial matrix by these sites is dismutated to hydrogen peroxide by 
SOD2. Moreover, in response to stress p66Shc translocates to mitochondria 
to directly stimulate hydrogen peroxide generation by transferring electrons to 
cytochrome c. Hydrogen peroxide is further inactivated using the reducing 
equivalents of NADPH by mGSH/Gpx or Prx3/Trx2 antioxidant systems, 
yielding water. Mn-dependent superoxide dismutase 2 (SOD2), GSH 
peroxidase (GPX1), GSSG-reductase (GR), peroxiredoxin 3 (PRX3), 
thioredoxin-2 (TRX2), thioredoxin reductase (TrxRD). 



www.f rontiersin .org 



July 2014 | Volume 5 | Article 151 1 3 



Ribas etal. 



Glutathione and mitochondria 



both into the matrix and the IMS (Quinlan etal., 2013). This 
spatial difference (matrix vs. IMS) may determine whether mito- 
chondrial superoxide reaches the cytosol or not. The anionic 
nature of superoxide and the fact that it is mostly produced 
in the mitochondrial matrix determine that the bulk of antiox- 
idant defenses to neutralize superoxide and other ROS reside 
in the matrix. The first line of defense against superoxide is 
the presence of a specific member of the family of metalloen- 
zymes called superoxide dismutases (SODs), MnSOD or SOD2, 
specifically located in the mitochondrial matrix, which catalyzes 
the dismutation of superoxide anion into H2O2 as shown in 
Figure 2. The dismutation of superoxide can also occur sponta- 
neously, but such reaction is 10 4 times slower than the enzymatic 
dismutation by SOD2. The relevance of this enzyme is illus- 
trated by the fact that global SOD2 deficiency leads to neonatal 
death in mice (Huang etal, 1997). Superoxide released into the 
IMS can be eliminated by a different SOD isoenzyme (Cu, Zn- 
SOD, or SOD1), which is found in the cytoplasm of eukaryotic 
cells, or scavenged by cytochrome c plus cytochrome c oxidase 
system (Okado-Matsumoto and Fridovich, 2001). It has been 
proposed that a-tocopherol can also scavenge superoxide, as sug- 
gested by experiments with submitochondrial particles isolated 
from mice fed with vitamin-E supplemented diet (Chow etal., 
1999). 

Although the dismutation of superoxide by SOD2 is a pre- 
dominant source of H2O2, there are other reactions that directly 
generate H2O2 in mitochondria. For example, the redox activitiy 
of p66Shc within mitochondria has been shown to generate H2O2 
in the absence of superoxide through oxidation of cytochrome 
c (Giorgio etal, 2005). P66Shc normally resides in the cytosol 
where it is involved in signaling from tyrosine kinases to Ras. 
However, in response to stress p66Shc translocates to mito- 
chondria to contribute to the generation of H2O2. Due to the 
lack of unpaired electrons, H2O2 is not a free radical but a 
potent oxidant that can oxidize mitochondrial components (pro- 
teins, lipids, DNA). Besides being a potential source of more 
reactive free radicals via Fenton reaction, physiological gen- 
eration of H2O2 fulfills a second messenger role and can be 
transported across membranes by aquaporins, a family of pro- 
teins that act as peroxiporins (Sies, 2014). The detoxification 
against H2O2 in mitochondria occurs mainly through the GSH 
redox system, including the glutathione peroxidases (Gpxs) and 
GSH reductases, as well as the presence of peroxiredoxins (Prxs; 
Figure 2) using the reducing equivalents of NADPH. Besides these 
antioxidant defenses that ensure H2O2 elimination, aquaporins 
have been shown to modulate mitochondrial ROS generation. 
In this paradigm, aquaporin 8 silencing, which is specifically 
expressed in IMM, enhances mitochondrial ROS generation and 
results in mitochondrial depolarization and cell death (Marchissio 
etal., 2012). In addition to these conventional sites of mito- 
chondrial ROS generation, it has been recently reported that 
the branched-chain 2-oxoacid dehydrogenase (BCKDH) com- 
plex in mitochondria can produce superoxide and H2O2 at 
higher rates than complex I from mitochondria (Quinlan etal., 
2014). 

Peroxynitrite is a potent oxidant that is generated upon the 
reaction of superoxide with nitric oxide (NO). Its impact on 



inactivation of mitochondrial proteins depends on the level of 
generation in mitochondria. While ETC is the source of super- 
oxide, the existence of mitochondrial NO synthase (mtNOS) 
that provides the NO required to form peroxynitrite is contro- 
versial. Although the existence of mtNOS has been described in 
mitochondrial fractions from different organs, recent evidence in 
rat liver mitochondria has questioned the existence of mtNOS, 
minimizing the contribution of in situ NO generation within 
mitochondrial to the formation of peroxynitrite (Venkatakrish- 
nan etal., 2009). However, since NO is freely diffusible across 
membranes, it is possible that the mitochondrial production 
of peroxynitrite may derive from extramitochondrial NO dif- 
fusing into mitochondria to react with superoxide generated 
by ETC. 

GLUTATHIONE REDOX CYCLE 

Hydrogen peroxide is rapidly reduced to water mostly by Gpx, 
which utilizes the reducing equivalents from its substrate GSH. In 
this enzymatic reaction, GSH becomes oxidized to GSSG, which 
is recycled back to GSH by the NADPH-dependent GSSG reduc- 
tase as shown in Figure 2. Since GSSG is not readily exported 
out of mitochondria (Olafsdottir and Reed, 1988; Yin etal., 2012), 
the activity of GR is an important mechanism to control the level 
of GSSG in mitochondria. The uncontrolled generation of GSSG 
during oxidative stress can contribute to mitochondrial dysfunc- 
tion by glutathionylation of target proteins, as described below. 
The supply of NADPH is essential to regenerate GSH and dictates 
the rate of H2O2 reduction by Gpx while keeping the reduced 
status of mitochondria. 

So far, eight isoforms of Gpx have been identified in humans, 
which vary in cellular location and substrate specificity (Brigelius- 
Flohe and Maiorino, 2013). Gpxl is the major isoform localized 
in various cellular compartments, including the mitochon- 
drial matrix and IMS (Legault etal, 2000; Mari etal, 2009), 
which in the liver account for about one third of the total 
Gpx activity (Chance etal., 1979). This selenium-containing 
homotetramer protein has substrate specificity for H2O2 and 
has been classically believed to be the major H2O2 reducing 
enzyme. It also has been described that y-glutamylcysteine, 
the intermediate of GSH biosynthesis, is able to act as a 
Gpxl cofactor in mitochondrial H2O2 detoxification, mim- 
icking the physiological properties of GSH (Quintana-Cabrera 
etal., 2012). Surprisingly, mice with specific genetic deletion 
of Gpxl appear phenotypically normal and with normal life 
span (Ho etal, 1997), suggesting that there are alternative 
compensatory mechanisms for H2O2 scavenging in Gpxl defi- 
ciency. However, another report demonstrated mitochondrial 
stress and bioenergetics defects in GPxl null mice (Esposito 
etal, 2000). Besides Gpxl, Gpx4 displays preference for lipid 
hydroperoxides (Figure 3), and hence plays a key role in pro- 
tecting phospholipids, cholesteryl esters and cardiolipin and 
defense against apoptosis and maintenance of ETC and OXPHOS 
(Cole-Ezea etal, 2012). In line with this vital role in mito- 
chondrial defense, Gpx4 null mice die during early embryonic 
development, while Gpx4 + /~ cells are sensitive to oxidative 
stress triggers (Legault etal, 2000; Muller etal., 2007). More- 
over, Gpx4 has been shown recently to modulate ferroptotic 
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FIGURE 3 | Mitochondrial GSH redox cycle and interaction with other 
antioxidant defenses. Detoxification of harmful lipid peroxides 
(Lipid-OOH) to their corresponding hydroxides (lipid-OH) by glutathione 
peroxidase 4 (GPX4) and glutathione-S-transferases (GST). Control of 
mitochondrial protein glutathionylation (Prot-S-SG, Prot -SH) by glutaredoxin 
(GRX2) and thioredoxin 2 (TRX2). 



cancer cell death, a specific form of cell death characterized by 
the production of iron-dependent ROS generation (Yang etal., 
2014). This process involved metabolic dysfunction that results in 
increased production of cytosolic and lipid ROS, independently of 
mitochondria. 

PER0XIRED0XIN-THI0RED0XIN REDOX CYCLE 

Peroxiredoxins constitute a family of thiol-specific peroxidases 
that rely on thioredoxins (Trxs) as the hydrogen donor for the 
reduction of H2O2 and lipid hydroperoxides (Chae etal., 1999). 
Prx3 is the Prx isoform exclusively located in mitochondria, sug- 
gesting that it plays a primary line of defense against H2O2 
produced by the mitochondrial respiratory chain. Prx3 homod- 
imer has a redox-sensitive cysteine that upon reaction with H2O2 
is oxidized to Cys-SOH, which then reacts with neighboring Cys- 
SH of the other subunit to form an intermolecular disulfide 
that can be readily reduced by thioredoxin reductase 2 (TrxRD2; 
Chang etal, 2004; Orrenius etal, 2007). The fact that the oxida- 
tion state of the active site cysteine of Prx can be transferred to 
other proteins allows Prx to function as a sensor of H2O2 (Rhee 
etal., 2012). Likewise, Prx5, the last identified member of the 
six mammalian Prxs (Knoops etal., 2011), is widely expressed 
in tissues but it is not exclusively located in mitochondria. In 
human cells, it has been shown that Prx5 can be targeted to mito- 
chondria, peroxisomes, cytosol, and nucleus. The targeting of 
Prx5 to mitochondria is highly conserved among species (Van der 
Eecken etal, 2011), and it has been associated with the protec- 
tion of mtDNA from oxidative attacks (Banmeyer etal, 2005). 
Prx5 is a peroxidase that can use cytosolic or mitochondrial Trx 
to reduce alkyl hydroperoxides or peroxynitrite with high rate 



constants, whereas its reaction with H2O2 is modest (Knoops 
et al, 201 1). Therefore, as opposed to Prx3, Prx5 has been viewed 
mainly as a cytoprotective antioxidant enzyme rather than as a 
redox sensor and appears to be a unique Prx exhibiting specific 
functional and structural feature (Knoops etal, 2011; Zhu etal., 
2012). 

As noted above, Trxs are responsible for reducing Prx back to 
their reduced, oxidant-scavenging state, while thioredoxin reduc- 
tases (TrxRDs) keep the reduced state of Trxs using NAPDH 
reducing equivalents, as depicted in Figure 2. Either Trx and 
TrxRD are expressed as isoforms for both predominantly cytosolic 
(Trxl and TrxRDl) or mitochondrial (Trx2 and TrxRD2) local- 
ization (Enoksson et al, 2005). There are direct links between the 
Trx system and protein glutathionylation (Casagrande et al., 2002); 
and the direct reduction of mitochondrial glutaredoxin 2 (Grx2) 
by TrxR is also of important physiological relevance (Johansson 
etal, 2004; Enoksson etal., 2005). However, the reduction of 
the intermolecular disulfide of Prx is specific to Trx and cannot 
be achieved by GSH or Grx (Chang et al., 2004; Orrenius et al., 
2007). 

Due to their high rate constant and high abundance, Prx are 
thought to be responsible for scavenging nanomolar concentra- 
tions of H2O2 associated with redox signaling, while Gpx are 
likely important at higher intracellular concentrations, buffering 
high ROS levels to avoid cell damage and stress signaling response 
(Sena and Chandel, 2012). In addition there is emerging evidence 
indicating that both antioxidant systems (mGSH and Prx3) are 
mutually regulated. For instance, depletion of mGSH results in 
Trx2 oxidation (Zhang etal, 2007), while hypercholesterolemic 
pigs with selective depletion of mGSH in heart mitochondria, 
exhibit decreased levels of the mitochondria-specific antioxidant 
enzymes such as SOD2, Trx2, and Prx3 (McCommis etal., 2011). 
Collectively, these data highlight a key role of mGSH in maintain- 
ing a healthy antioxidant system in both systems and on H2O2 
homeostasis. 

DEFENSE AGAINST ELECTROPHILES AND PROTEIN 
GLUTATHIONYLATION 

In addition to the defense against oxidants and ROS, GSH 
plays also an important role in the protection against elec- 
trophiles by glutathione-S-transferases (GSTs). Electrophiles can 
be generated as a consequence of metabolic processes involving 
both endogenous compounds and xenobiotics. GSTs exhibit a 
wide intracellular distribution, being localized in mitochondria 
(GSTA1), cytosol (alpha, mu, pi, and zeta) and membrane- 
bound (MGST1) isoforms (Aniya and Imaizumi, 2011; Li etal., 
2011). Mitochondrial GSTs display both GSH transferase and 
peroxidase activities that detoxify harmful byproducts through 
GSH conjugation or GSH-mediated peroxide reduction (Figure 3; 
Hayes etal, 2005; Aniya and Imaizumi, 2011). Among human 
mitochondrial GSTs, the isoforms hGSTA4-4, hGSTAl, hGSTA2, 
and hGSTPl showed peroxidase activity, with hGSTA4-4 exhibit- 
ing the highest activity (Gardner and Gallagher, 2001; Gallagher 
etal, 2006). Moreover, recent studies have shown that GSTA4 
expression is selectively downregulated in adipose tissue of obese 
insulin-resistant C57BL/6J mice and in human obesity-linked 
insulin resistance (Curtis etal., 2010). Mitochondrial function 
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in adipocytes of lean or obese GSTA4-null mice was signif- 
icantly compromised compared with wild-type controls and 
was accompanied by an increase in superoxide anion produc- 
tion. 

Glutathionylation, a key mechanism of post-translational mod- 
ification of proteins, involves the formation of a disulfide bridge 
between GSH and an available protein cysteine thiol. Non- 
enzymatic glutathionylation occur mostly during oxidative stress 
when GSH/GSSG is ~1 and levels of ROS are high. This pro- 
cess is non-specific and can lead to the hyper-glutathionylation 
of proteins, altering their activity. Enzymatic glutathionylation 
reactions are tightly controlled and highly specific and are con- 
sidered a major post-translational modification that occurs in 
response to fluctuations in local redox environments. The Grx 
family of proteins plays a key role in the regulation of glutathiony- 
lation reactions (Figure 3; Lillig etal., 2008). Although Grx are 
mainly responsible for deglutathionylation reactions, recent evi- 
dence has indicated a role for Grx in protein glutathionylation, 
mediated by the stabilization of a GSH thiyl radical which is 
then subsequently transferred to an available protein thiol (Starke 
etal., 2003). In most cases, Grx catalyze the deglutathionyla- 
tion of proteins GSH disulfide mixtures (PSSGs). Grx exhibit 
site-specific distribution with Grxl being specifically located in 
cytosol while Grx2 localizes in mitochondria. Both Grx cat- 
alyze the deglutathionylation of protein targets in two steps; first, 
the N-terminal cysteine on Grx deglutathionylates PSSG via a 
thiol disulfide exchange reaction yielding PSH and a Grx-SSG 
intermediate; second, Grx-SSG binds GSH and the glutathionyl 
moiety is removed regenerating Grx and producing GSSG. Grx2 
has close to 34% homology to Grxl and was recently identi- 
fied as the enzyme required for deglutathionylation reactions in 
mitochondria (Gladyshev etal., 2001; Lundberg etal., 2001; Gal- 
logly etal, 2009; Stroher and Millar, 2012). The catalytic cycle 
of Grx2 is also quite similar to Grxl except that the Grx2- 
SSG intermediate can be reduced by NADPH and TrxRD. It is 
also important to point out that unlike Grxl, Grx2 complexes 
iron (Fe), which is required to modulate its activity (Johans- 
son etal., 2004; Lillig etal., 2005). Interestingly, Grx2 has been 
shown catalyze both the deglutathionylation and glutathionyla- 
tion of target proteins in mitochondria. The reversible nature of 
Grx2 is associated with its sensitivity to changes in GSH/GSSG; 
a high GSH/GSSG promotes protein deglutathionylation and a 
low GSH/GSSG activates Grx2 glutathionylase activity (Beer et al., 
2004; Hurd et al., 2008). The main target for Grx2 in mitochondria 
is Complex I, although UCP3 and the 2-oxoglutarate dehydro- 
genase (OGDH) have been also shown to be deglutathionylated 
by Grx2. The role of Grx2 in maintaining mitochondrial func- 
tion has been recently shown in heart from Grx2 null mice. 
Grx2 deletion decreased ATP production by complex I-linked 
substrates (Mailloux etal., 2014). Grx2~/~ hearts also devel- 
oped left ventricular hypertrophy and fibrosis and mice developed 
hypertension. 

MITOCHONDRIA AND CELL DEATH 

Besides their fundamental role in energy generation, mitochondria 
also play a strategic role in the regulation of cell death, includ- 
ing apoptosis (caspase-dependent and independent) and necrosis. 



Apoptosis describes a programmed mode of cell death that is 
characterized by a series of biochemical events that ultimately lead 
to cell fragmentation into compact membrane-enclosed struc- 
tures, called "apoptotic bodies" that are taken up by neighboring 
cells and phagocytes, preventing inflammation, and tissue dam- 
age (Taylor et al, 2008). Apoptosis is induced via two main routes 
involving either the mitochondria (the intrinsic pathway) or the 
activation of death receptors (the extrinsic pathway). Both path- 
ways are linked in some cell types by the cleavage of BID, a 
proapoptotic member of the Bcl-2 family of proteins, generat- 
ing tBID in a process catalyzed by caspase-8 activated by the 
extrinsic pathways (Scaffidi etal., 1998). The intrinsic pathway 
of apoptosis is activated by stimuli that lead to the permeabiliza- 
tion of the OMM and the subsequent release of proteins from 
the mitochondrial IMS, such as cytochrome c (Martinou and 
Green, 200 1 ; Kroemer et al., 2007) . Cytochrome c normally resides 
within the cristae of the IMM and is sequestered by narrow cristae 
junctions. As mentioned above, within the IMM, cytochrome c 
participates in the mitochondrial ETC, using its heme group as a 
redox intermediate to shuttle electrons between complex III and 
complex IV. However, when the cell detects an apoptotic stimulus, 
such as DNA damage or metabolic stress, the intrinsic apoptotic 
pathway is triggered and mitochondrial cytochrome c is released 
into the cytosol (Kroemer etal, 2007). This process is thought 
to occur in two phases, first the mobilization of cytochrome c 
and then its translocation through permeabilized OMM. In addi- 
tion to cytochrome c, other IMS proteins are also mobilized 
and released into the cytosol where they promote or counteract 
caspase activation and hence cell death (Li etal., 2001; Munoz- 
Pinedo et al., 2006). For instance, the release of Smac/Diablo into 
the cytosol ensures the efficiency of caspase 3 in proteolyzing 
target proteins through inhibition of inhibitor of apoptosis pro- 
teins (IAPs). Moreover, other specialized mitochondria-residing 
proteins, such as the apoptosis inducing factor (AIF) and endonu- 
clease G, are translocated to the nuclei following their release from 
mitochondria and promote peripheral chromatin condensation 
and high molecular weight DNA fragmentation. While the above 
evidence indicates that the mitochondrial apoptotic pathway pro- 
motes cell death, recent provocative evidence has shown that the 
intrinsic apoptosis pathway mediates the pro-longevity response 
to mitochondrial ROS in Caenorhabditis elegans by triggering a 
unique pattern of gene expression that modulates stress sensitiv- 
ity and promotes survival (Yee etal, 2014). Whether this newly 
described pathway has implication in mammals needs further 
verification. 

MITOCHONDRIAL MEMBRANE PERMEABILIZATION AND RELEASE OF 
PROAPOPTOTIC PROTEINS 

While mitochondrial proteins are normally secured in the IMS, 
understanding the mechanism of release may be of relevance to 
control cell death. The rupture of the physical barrier (OMM) 
that limits their release into the cytosol constitutes a point-of-no- 
return in cell death (Martinou and Green, 2001; Kroemer etal., 
2007). Current evidence supports the existence of two compatible 
mechanisms leading to the breakage of OMM: the mitochon- 
drial permeability transition (MPT), and the permeabilization of 
OMM without disruption of the inner membrane. The former 



Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery 



July 2014 | Volume 5 | Article 151 | 6 



Ribas etal. 



Glutathione and mitochondria 



is a process characterized by mitochondrial swelling, IMM per- 
meabilization and OMM rupture as a secondary event. On the 
other hand, there is evidence indicating the selective permeabi- 
lization of OMM in the absence of disrupted inner membrane. 
The relative prevalence of these pathways in the regulation of 
cell death is not definitively established. One important feature 
of mitochondrial permeabilization is the loss of function result- 
ing in the inability of mitochondria to synthesize ATP through 
the OXPHOS. However, while the final outcome of mitochon- 
drial dysfunction is cell death, the phenotype of death (apoptosis 
and/or necrosis) depends on the level of cellular ATP, as ATP is 
required for the efficient assembly of the apoptosome. Alterna- 
tively to MPT in the control of OMM permeabilization, Bcl-2 
family members are also known to play a major function. Bcl2- 
family death agonists induce OMM permeabilization, thereby 
promoting cytochrome c release, whereas Bcl2-family death antag- 
onists prevent it. Thus, Bcl2-family proteins control mitochondrial 
integrity, regulate cytochrome c release and intrinsic apoptosis 
(Youle and Strasser, 2008). Under non-apoptotic conditions, Bax 
is inactive and present in the cytosol as a monomer. Following 
an apoptotic stimulus, Bax is activated and translocates to the 
mitochondria, where it undergoes a conformational change and 
inserts into the OMM. Bax oligomerization is associated with 
the formation of openings in the OMM to allow the release 
of cytochrome c and other IMS proteins into the cytosol, and 
hence Bax oligomerization is considered a critical regulatory 
point in cell death (Youle and Strasser, 2008). Further under- 
standing the mechanisms underlying OMM permeabilization may 
provide novel strategies to regulate cytochrome c and control 
apoptosis. 

REGULATION OF CELL DEATH BY mGSH 

As opposed to apoptosis, necrosis is a morphologically distinct 
form of cell death responsible for irreversible tissue destruction 
due to bioenergetic failure and oxidative damage. The fun- 
damental difference relative to apoptosis is the rapid loss of 
cellular membrane potentials due to energy depletion and ion 
pump/channel failures, leading to swelling, rupture, and cytol- 
ysis. MPT is a regulated non-selective water and solute-passing 
protein complex whose molecular characterization remains elu- 
sive. Available evidence suggests a role for voltage-dependent 
anion channel (VDAC), located in the OMM, and adenine 
nucleotide translocase (ANT) across the IMM (Kroemer etal., 
2007; Baines,2010) and the translocator protein TSPO [previously 
called peripheral benzodiazepine receptor (PBR)] as compo- 
nents of MPT. However, liver mitochondria from mice lacking 
ANT1 and ANT2 can still undergo Ca 2+ -induced swelling and 
MPT, although at a higher threshold, which has been inter- 
preted as evidence against a role for ANT in MPT (Kokoszka 
etal., 2004). However, recent evidence has demonstrated that 
TSPO is dispensable for MPT (Sileikyte etal., 2014). In particu- 
lar, heart mitochondria from mice with selective TSPO deletion in 
hearts undergo MPT and are as sensitive to ischemia-reperfusion 
injury as hearts from control mice. In contrast, the prolyl iso- 
merase cyclophilin D in the mitochondrial matrix is an essential 
regulator of MPT and the only genetically proven indispens- 
able MPT component (Baines etal, 2005; Basso etal, 2005; 



Nakagawa etal., 2005; Schinzel etal., 2005). Upon oxidative 
stress, sudden MPT causes massive ion influx that dissipates 
mitochondrial membrane potential and shuts down OXPHOS, 
ATP production and ROS overgeneration. Concomitantly, water 
influx causes matrix swelling, rupture of the rigid OMM and 
release of apoptogenic proteins sequestered in IMS although, 
apoptotic cell death under MPT is inhibited due to energetic fail- 
ure and ATP exhaustion and oxidative stress-mediated caspase 
inactivation. 

A critical step in mitochondrial apoptosis is the mobilization 
of cytochrome c from IMS. It has been proposed that during 
mobilization cytochrome c detaches from the IMM and disso- 
ciates from the membrane phospholipid cardiolipin. A significant 
proportion of the cytochrome c in the mitochondria seems to be 
associated with cardiolipin, involving two major mechanisms. At 
physiological pH, cytochrome c has a net positive charge (+8), 
establishing an electrostatic bond with the anionic cardiolipin 
(Gonzalvez and Gottlieb, 2007). In addition, cytochrome c has 
a hydrophobic channel through which one of the four-acyl chains 
of cardiolipin inserts. The other chains of cardiolipin remain in 
the membrane, thereby anchoring cytochrome c to the IMM. 
One mechanism that contributes to cytochrome c detachment 
from IMM involves cardiolipin oxidation because oxidized car- 
diolipin has a much lower affinity for cytochrome c than the 
reduced form. Cardiolipin can be oxidized by ROS or by the 
cardiolipin-cytochrome c complex (Kagan etal., 2005). Detach- 
ment of cytochrome c from cardiolipin might also be triggered by 
increased cytosolic calcium, which weakens the electrostatic inter- 
action between cytochrome c and cardiolipin and further generates 
ROS via MPT. 

In addition, it has been described that oxidized cardiolipin 
modulates the biophysical properties of OMM to allow oligomer- 
ized Bax to insert and permeabilize the OMM (Mari etal, 2008; 
Montero etal., 2010; Landeta etal, 2011). Since mitochondrial 
ROS contribute to cardiolipin oxidation and are controlled by 
antioxidants (Mari etal., 2008, 2009), mGSH arises as an impor- 
tant modulator of apoptotic cell death by indirectly controlling the 
redox state of cardiolipin (Mari etal., 2008; Montero etal., 2010). 
mGSH not only regulates cell death susceptibility but the outcome 
of cell death (necrosis or apoptosis). Thiol redox status regulate 
MPT and enhanced ROS generation can target critical cysteine 
residues in cyclophilin D, implying that mGSH depletion would 
favor MPT via redox pathways targeting MPT components. In 
addition, through modulation of cardiolipin redox state, mGSH 
can also regulate OMM permeabilization via MPT and the release 
of apoptogenic proteins. 

GLUTATHIONE IMPORT TO MITOCHONDRIA 

As indicated above, despite the fact that the concentration of 
mGSH is high, GSH is not synthesized de novo in the mitochon- 
drial matrix, as this organelle lacks the enzymes required for GSH 
synthesis. Furthermore, GSH has an overall negative charge at 
physiological pH and mitochondria exhibit a large negative mem- 
brane potential. Moreover, although GSH can cross OMM, its 
transport into mitochondrial matrix cannot be explained by sim- 
ple diffusion. Therefore, mGSH arises from the cytosol GSH by the 
activity of specific carriers (Figure 1; Griffith and Meister, 1985). 
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Accordingly, recent findings using dynamic oxidant recovery 
assays and GSH-specific fluorescent reporters, established that 
free communication of GSH pools exists between cytosol and 
IMS. In contrast, no appreciable communication was observed 
between the GSH of the IMS and matrix (Kojer etal, 2012). 
Based on substrate specificity, potential candidates to transport 
GSH into mitochondria have been identified, including the 2- 
oxoglutarate carrier (OGC; SLC25A11) and the dicarboxylate 
carrier (DIC; SLC25A10; Chen and Lash, 1998; Chen etal, 2000; 
Coll etal., 2003; Wilkins etal., 2012), mainly in kidney and liver, 
and tricarboxylate carrier (TTC, SLC25A1) in brain mitochon- 
dria and astrocytes (Wadey etal., 2009). OGC imports cytosolic 
GSH into mitochondria in exchange for 2-oxoglutarate (2-OG) 
and other dicarboxylates. Instead, DIC mediates electro-neutral 
exchange of dicarboxylates or GSH for inorganic phosphate (Mari 
etal., 2009). The relative contribution of each system is differ- 
ent depending on the cell type, as discussed in the following 
section. 

TISSUE-SPECIFIC FEATURES OF GLUTATHIONE IMPORT TO 
MITOCHONDRIA 

Previous studies in a renal proximal tubular cell line, NRK- 
52E, indicated that overexpression of OGC and DIC increased 
mGSH levels and protected against oxidant-mediated cell death 
(Lash etal, 2002; Xu etal., 2006). Similar findings were recently 
reported in primary renal proximal tubular cells from uninephro- 
tectomized rats (Benipal and Lash, 2013). The findings with DIC 
overexpression in kidney cells indicated a role for this carrier in 
the mitochondrial transport of GSH in exchange with inorganic 
phosphate. In contrast to kidney, no clear evidence for DIC in 
the transport of mitochondrial GSH was found in rat liver (Coll 
etal., 2003). The functional expression in Xenopus laevis oocytes 
microinjected with the DIC cRNA from rat liver did not result in 
significant GSH transport activity (Coll et al., 2003). Moreover, in 
contrast to rat kidney mitochondria, the import of GSH in rat 
liver mitochondria showed both a high affinity and low affinity 
transport component (Martensson etal., 1990). Likewise, kinetic 
analyses of 2-oxoglutarate transport in rat liver mitochondria indi- 
cated the presence of a single Michaelis-Menten component with 
kinetic parameters in the range of those reported previously for 
kidney mitochondria (Chen etal., 2000; Coll etal., 2003). These 
findings suggest that the OGC accounts for the low-affinity high 
capacity of GSH transport in liver mitochondria, and imply that 
the nature of the high affinity GSH transporter remains to be 
identified. Also, OGC and DIC together accounted for only an 
apparent 45-50% of the total GSH uptake in liver mitochondria, 
in contrast to 70-80% described in kidney mitochondria (Zhong 
etal, 2008). 

Interestingly, it has been suggested that Bcl-2 participates as 
a regulator of mGSH transport by modulating the affinity of 
OGC for GSH (Wilkins etal., 2012). Bcl-2 and OGC appear to 
act in a coordinated manner to increase the mGSH pool and 
to enhance the resistance of neurons to mitochondrial oxidative 
stress. In line with this outcome, stable motoneuron-like cell lines 
overexpressing OGC displayed an increased expression of Bcl- 
2 protein, an effect that was dependent on the mGSH increase. 
Conversely, a knockdown of Bcl-2 provoked a decrease in mGSH 



and a concomitant oxidative stress sensitization (Wilkins etal., 
2014). Therefore, the antioxidant-like and antiapoptotic function 
attributed to Bcl-2 could, at least in part, depend on its potential 
to regulate the mGSH transport and status. 

In brain, the properties of GSH transport in isolated rat brain 
mitochondria seemed to be different from those reported pre- 
viously for kidney mitochondria, as they were influenced most 
by inhibitors of the tricarboxylate carrier, citrate, isocitrate, and 
benzenyl-l,2,3-tricarboxylate (Wadey etal., 2009). Moreover, in 
mouse brain mitochondria another study showed that OGC and 
DIC are both expressed in cortical neurons and astrocytes (Kamga 
et al, 2010). In addition, butylmalonate, an inhibitor of DIC, sig- 
nificantly decreased mGSH, suggesting DIC as the major GSH 
transporter in mouse cerebral cortical mitochondria (Kamga et al., 
2010). It has been shown that pharmacological inhibition or 
knockdown of a single mGSH transporter significantly sensitized 
neurons to oxidative and nitrosative stress (Wilkins etal., 2013). 
Interestingly, a role for UCP2 in the transport of mGSH has 
been described in neurons, suggesting that the transport of pro- 
tons back into the matrix by UCP2 may favor the movement of 
GSH (de Bilbao etal, 2004). These studies suggest that multiple 
IMM anion transporters might be involved in mGSH transport 
and that they might differ in different cell populations within the 
brain. These findings indicate that mGSH levels and its transport 
are major determinants in brain cell susceptibility to oxidative 
stress, although little is known about the regulation of the mGSH 
transport in brain. 

MITOCHONDRIAL MEMBRANE PROPERTIES AND IMPACT ON 
GLUTATHIONE IMPORT 

Previous studies in liver mitochondria have revealed that mem- 
brane dynamics regulate the transport of mGSH. Membrane 
physical properties are mainly regulated by fatty acid composition 
and the cholesterol/phospholipid molar ratio (Coll etal, 2003; 
Lluis etal., 2003; Ikonen, 2008). Parallel to the findings from rat 
liver mitochondria, it has been recently reported that mitochon- 
drial cholesterol enrichment, resulting in mGSH depletion, is a 
major mechanism of anthrax lethal toxin-induced macrophage 
cell death (Ha etal., 2012). Mitochondria are cholesterol-poor 
organelles compared to plasma membrane, and this regulated 
transport of cholesterol in mitochondria plays physiological role 
in the synthesis of bile acids in liver and steroidogenic hor- 
mones in other tissues. (Garcia-Ruiz et al., 2009; Montero et al., 
2010). Consistent with the role of cholesterol in the regulation 
of membrane dynamics, cholesterol loading in mitochondrial 
membrane results in increased membrane order parameter and 
in the reduction in the activity of specific membrane carriers, 
i.e., GSH transport system without effect on other transporters, 
indicating that the impact of changes in membrane dynamics 
on carrier function is not universal (Fernandez et al., 2009a; Ha 
etal, 2012). Moreover, functional expression studies in X. lae- 
vis oocytes demonstrated that the OGC is sensitive to increased 
membrane order caused by cholesterol loading (Coll et al, 2003). 
Thus, cholesterol regulates the transport of mGSH, which in turn, 
modulates susceptibility to oxidative stress and cell death, there- 
fore emerging as an important target in pathophysiology of diverse 
diseases such as steatohepatitis (SH) or Alzheimer's disease (AD; 
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Figure 4; Krahenbuhl etal, 1995; Armstrong and Jones, 2002; 
Garcia- Ruiz et al., 2002; Fernandez-Checa and Kaplowitz, 2005; 
Lluis etal, 2005, 2007; Mari etal, 2006, 2008, 2009; Lu and 
Armstrong, 2007; Fernandez etal, 2009b; Fernandez-Checa etal., 
2010). 

Based on the above findings, understanding the regulation 
of mitochondrial cholesterol trafficking may be of potential rel- 
evance in cell death regulation and disease progression. Given 
its lipophilic properties and water insolubility, non-vesicular 
transport by specific carriers stands as the major mechanism 
of cholesterol transport between organelles. In particular, mito- 
chondrial cholesterol transport is preferentially regulated by the 
steroidogenic acute regulatory domain 1 (StARDl), the founding 
member of a family of lipid transporting proteins that con- 
tain StAR-related lipid transfer (START) domains (Miller, 2013). 
StARDl is an OMM protein which was first described and best 
characterized in steroidogenic cells where it plays an essential role 
in cholesterol transfer to the IMM for metabolism by cholesterol 
side chain cleavage enzyme (CYP1 1 Al ) to generate pregnenolone, 



the precursor of steroids. Pregnenolone synthesis in mitochon- 
dria is limited by the availability of cholesterol in the IMM (Clark, 
2012). Despite similar properties with StARDl, other StART 
members cannot replace StARDl, as germline StARDl deficiency 
is lethal due to adrenocortical lipoid hyperplasia (Caron etal., 
1997). For instance, targeted mutations in MLN64 (StARD3), 
another START member with wide tissue distribution, have been 
shown to cause minor alterations in metabolism and intracel- 
lular distribution of cholesterol, questioning its contribution to 
intramitochondrial cholesterol trafficking (Kishida etal., 2004; 
Miller, 2007). StARDl activation and regulation is complex and 
poorly understood. Its activation is regulated at the transcrip- 
tional and post-translational levels, as StARDl phosphorylation 
at serine 194 has been shown to enhance the trafficking of choles- 
terol to IMM in murine steroidogenic cells, resulting in increased 
steroidogenesis (Arakane etal, 1997; Kil etal, 2012). Moreover, 
the role of ER stress in the regulation of StART family members 
has been limited to StARD5 with conflicting results reported for 
StARD4. However, recent data have provided evidence that ER 
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FIGURE 4 | Regulation of mGSH by mitochondrial cholesterol loading in 
health and disease. (A) In healthy mitochondria, mGSH levels can cope with 
the ROS generated in physiological conditions, avoiding cell death induction 
and maintenance of mitochondrial functions. (B) In cholesterol-enriched 
mitochondria, the mGSH transport is impaired resulting in mGSH depletion. 
mGSH levels below a certain threshold compromise ROS detoxification, 
leading to oxidative stress and resulting ultimately in higher susceptibility to 



cell death. (C) However, cancer cells exhibit increased cholesterol enrichment 
of mitochondrial membrane but paradoxically maintain mGSH levels despite 
changes in membrane physical properties by an as yet uncharacterized 
mechanism. Increased mitochondrial cholesterol and mGSH protect against 
mitochondrial membrane permeabilization and cell death. Thus, targeting 
mitochondrial cholesterol or mGSH may be a novel approach in the treatment 
of cancer. 
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stress induces the transcriptional upregulation of StARDl inde- 
pendently of SREBP regulation (Fernandez etal., 2013). High 
cholesterol feeding caused the repression of SREBP-2 regulated 
genes, HMG-CoA reductase, but not that of StARDl. Similar 
findings have been reported in brain mitochondria in a murine 
model of AD (Barbero-Camps etal, 2014). Furthermore, the 
increase in mitochondrial cholesterol in brain mitochondria of 
AD was not accompanied by a selective increase in mitochondrial - 
associated membranes (MAMs), corresponding to the contact 
between ER and mitochondria, suggesting that StARDl -mediated 
cholesterol trafficking to mitochondria is independent of MAM, 
a specific membrane domain made of ER and mitochondria 
bilayers, which is thought to be of relevance in the traffic of 
lipids. TSPO, a protein particularly abundant in steroidogenic 
tissues and primarily localized in the OMM, has been suggested 
to play an important role in steroidogenesis via the transport of 
cholesterol to the IMM (Papadopoulos and Miller, 2012; Miller, 

2013) . However, quite interestingly, recent studies using tissue- 
specific genetic deletion of TSPO demonstrated that TSPO is 
dispensable for steroidogenesis in Leydig cells (Morohaku etal., 

2014) , questioning the relevance of previous findings on TSPO 
using pharmacological ligands and inhibitors. These data under- 
score that TSPO does not play a significant role in the trafficking 
of cholesterol to IMM, and highlights the relevance of StARD 1 in 
this process. 

Finally, a role for caveolin-1 (CAV1) in mitochondrial choles- 
terol has been recently reported. CAV1 is a key component of 
caveolae, specialized membrane domains particularly enriched 
in cholesterol and sphingolipids, and CAV is known to bind 
cholesterol with high affinity (Murata et al., 1995; Pol et al, 2005; 
Boscher and Nabi, 2012). CAV's ability to move between cell 
compartments, mitochondria-ER and plasma membrane, might 
contribute to regulation of cholesterol fluxes and distributions 
within cells (Pol etal., 2001, 2005; Parton and Simons, 2007; 
Bosch et al., 20 1 1 ) . In line with these features, CAV1 deficiency has 
been shown to increase mitochondrial cholesterol in hepatocytes 
causing perturbations in mitochondrial membrane dynamics and 
function, and as expected, mGSH depletion (Bosch etal., 2011). 
The mitochondrial dysfunction sensitizes CAV1 null mice to SH 
and neurodegeneration. Whether the trafficking of mitochon- 
drial cholesterol in the absence of caveolin-1 occurs via MAM 
or StARDl remains to be further investigated. 

ROLE OF MITOCHONDRIA AND MITOCHONDRIAL GSH IN 
DISEASE 

Given the role of mitochondria in oxygen consumption, 
metabolism and cell death regulation, alterations in mitochon- 
drial function or dysregulation in cell death pathways contribute 
to many diseases such as cancer, SH, or neurodegeneration. 
Consistent with its role in regulating mGSH, mitochondrial 
cholesterol accumulation emerges as a key factor regulating ROS 
and electrophile detoxification, and hence disease progression by 
sensitizing to secondary hits such as TNF, hypoxia or toxic amyloid 
peptides. In the following sections we will briefly cover examples 
of diseases where mitochondria cholesterol, oxidative stress, and 
mGSH depletion have been shown to play a role, such as cancer, 
fatty liver disease, and AD. 



CANCER BIOLOGY AND THERAPEUTICS 

Cancer cells exhibit critical metabolic transformations induced 
by mutations in oncogenes (gain-of-function) and tumor sup- 
pressor genes (loss-of-function) that result in cell deregulation 
associated with enhanced cellular stress. Adaptation to this stress 
phenotype is required for cancer cells to survive and involves the 
participation of genes that regulate generation and sensitization 
to ROS-mediated cell death. In this context, small molecules 
that selectively kill cancer cells are a promising approach for 
the treatment of cancer. Experiments using a cell-based small- 
molecule screening and quantitative proteomics, revealed the 
potential of piperlongumine, a natural product isolated from 
the plant species Piper longum L, as a cytotoxic agent triggering 
apoptosis and necrosis in leukemia cells (Bezerra etal., 2007). 
Moreover, piperlongumine induces ROS generation resulting in 
the killing of transformed cells in vitro and in vivo but not pri- 
mary normal cells (Raj etal, 2011). Piperlongumine leads to 
decreased GSH and increased GSSG levels in cancer cells with- 
out effects in non-transformed cells, and these effects paralleled 
the ability of piperlongumine to cause alterations in mitochon- 
drial morphology and function. Consequently, co-treatment 
with piperlongumine and N-acetyl-L-cysteine (NAC) prevented 
piperlongumine-mediated GSH depletion and cell death in can- 
cer cells. These findings support the concept that normal cells 
have low basal levels of ROS and a diminished reliance on the 
ROS stress-response, while cancer cells have high levels of ROS, 
and hence, are expected to have a strong reliance on the ROS 
stress-response pathway. In line with the relationship between ROS 
and cancer it has been suggested that antioxidants may protect 
against cancer. However, randomized clinical trials have produced 
inconsistent results and some studies indicated that antioxidants 
increase cancer risk (van Zandwijk etal., 2000; Klein etal., 2011; 
Watson, 2013). A recent study in oncogene-induced lung cancer 
demonstrated that treatment with NAC and vitamin E accelerate 
cancer progression, stimulating cell proliferation by reducing ROS, 
DNA damage, and p53 expression (Sayin etal., 2014). The use of 
small molecules that alter the levels of ROS such as fi-phenethyl 
isothiocyanate (PEITC), buthionine sulphoximine, curcumin, or 
2-cyano-3,12-dioxooleana-l,9-diene-28-oicacid (CDDO) deriva- 
tives, has been suggested for the treatment of cancer by promoting 
ROS generation and GSH depletion in cancer cells (Schumacker, 
2006; Trachootham et al, 2006; Yue et al, 2006; Ravindran et al, 
2009) . Interestingly, mGSH depletion has also been associated with 
apoptosis or autophagy induced by chemotherapeutic drugs. For 
instance, the novel triterpenoid methyl CDDO derivative (CDDO- 
Me) potently induced cytotoxicity in imatinib-resistant myeloid 
leukemia cells, accompanied by a rapid and selective depletion of 
mGSH resulting in increased generation of ROS and mitochon- 
drial dysfunction (Samudio etal, 2005, 2008). Moreover, PEITC 
caused a rapid depletion of mGSH and a significant elevation of 
ROS and NO, induced a disruption of the mitochondrial electron 
transport complex I, and a significant suppression of mitochon- 
drial respiration that resulted in cytotoxicity in leukemia cells 
(Chen etal, 2011). 

As mGSH is regulated by cholesterol, as described above, the 
trafficking of mitochondrial cholesterol may modulate cancer 
cell biology. Cholesterol metabolism is deregulated in tumors, 
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which exhibit a paradoxical stimulation in de novo cholesterol 
synthesis despite hypoxia-mediated downregulation of HMG- 
CoA reductase by hypoxia (Nguyen etal, 2007; Garcia-Ruiz 
etal., 2009). In addition to its continued synthesis, choles- 
terol trafficking to mitochondria has been reported in tumor 
cells, including in mitochondria from hepatocellular carcinoma 
(HCC) due to overexpression of StARDl (Montero etal, 2008). 
Mitochondrial cholesterol loading in cancer cells may actu- 
ally account for the recognized mitochondrial dysfunction and 
resistance to Bax-mediated cell death induced by chemotherapy 
agents. In line with this hypothesis, treatments that resulted 
in mitochondrial cholesterol loading in tumor cells impaired 
stress-induced apoptosis (Lucken-Ardjomande et al., 2008; Mon- 
tero etal., 2008), while StARDl knockdown or treatments that 
resulted in downregulation of cholesterol loading sensitized HCC 
cells to chemotherapy. These findings identify the mitochondrial 
cholesterol loading in cancer cells, particularly HCC, as a mech- 
anism contributing to chemotherapy resistance and evasion of 
Bax-mediated apoptosis (Figure 4). While mitochondrial choles- 
terol depletes mGSH due to impaired transport via OGC in 
primary hepatocytes and in SH, cancer cells paradoxically main- 
tain mGSH homeostasis by a still ill-defined mechanism that is 
under investigation. 

ALCOHOLIC AND NON-ALCOHOLIC FATTY LIVER DISEASE 

Fatty liver disease represents a spectrum of liver disorders that 
begins with simple steatosis. This intial stage can progress to SH 
and culminate in cirrhosis and liver cancer. SH is an interme- 
diate stage of fatty liver disease and one of the most common 
causes of chronic liver disease worldwide that may progress to 
cirrhosis and liver cancer. SH is characterized by steatosis, oxida- 
tive stress, hepatocellular death, inflammation and fibrosis and 
encompasses alcoholic (ASH) and non-alcoholic steatohepati- 
tis (NASH). Unfortunately, there is no approved therapy for 
ASH/NASH, which reflects our incomplete understanding of the 
underlying mechanisms (Tilg and Diehl, 2000; Angulo and Lindor, 
2002; Brunt, 2004). The development of steatosis in ASH/NASH 
is secondary to the metabolic disturbances in ASH and NASH, 
including insulin resistance, adipose tissue lipolysis, stimulation 
of de novo lipid synthesis and impaired mitochondrial fatty acid 
oxidation (Garcia-Ruiz and Fernandez-Checa, 2006; Garcia-Ruiz 
etal., 2011, 2013a,b). A key concept in SH pathogenesis is the 
two-hit hypothesis, which posits that hepatic steatosis sensitizes 
fatty liver to secondary hits, such as inflammatory cytokines 
and oxidative stress. However, recent evidence has shown that 
the type rather than the amount of fat plays a critical role in 
the transition from steatosis to ASH/NASH. In line with this 
hypothesis, previous studies have shown that chronic alcohol 
feeding in various models results in the depletion of mGSH 
due to cholesterol loading in mitochondria (Garcia-Ruiz etal., 
1994; Colell etal, 1997, 1998, 2001; Zhao etal, 2002; Garcia- 
Ruiz and Fernandez-Checa, 2006) and that strategies aimed to 
correct the loss of mitochondrial membrane fluidity restore the 
mitochondrial transport of GSH and replenish the mGSH pool 
in alcohol-fed models. Moreover, recent evidence in rats fed an 
ethanol-polyunsaturated fatty acid treatment confirmed the mito- 
chondrial cholesterol accumulation and GSH depletion, leading 



to SH, and these effects were prevented by betaine treatment 
(Varatharajalu etal, 2014). Altered alcohol-induced ER stress 
involves alterations in the methionine cycle and hyperhomocys- 
teinemia, and treatment with betaine prevents alcohol-induced 
ER stress, steatosis, and liver injury (Ji and Kaplowitz, 2003, 
2004). Moreover, tauroursodeoxycholic acid, a chemical chap- 
erone shown to prevent ER stress (Ozcan et al., 2006), restored the 
mGSH pool in alcohol fed rats (Colell etal., 2001) and blocked 
alcohol-induced ER stress (Fernandez etal., 2013). The mecha- 
nisms of alcohol-induced mitochondrial cholesterol trafficking, 
mediated by alcohol-induced upregulation of StARDl, requires 
alcohol-induced acid sphingomyelinase activation (Fernandez 
etal, 2013). 

Increased cholesterol synthesis and levels have been reported in 
liver biopsies from patients with NASH (Puri et al, 2007; Caballero 
etal, 2009) and mGSH depletion has been observed in models 
and patients with NASH (Serviddio etal, 2008). This outcome 
is consistent with the increased expression of StARDl in patients 
with NASH but not with simple steatosis (Caballero etal., 2009). 
In line with these findings, recent data reported that the inhi- 
bition of microsomal triglyceride transfer protein, a model of 
liver steatosis, induced the increase in free cholesterol in mito- 
chondria resulting in mGSH depletion (Josekutty etal., 2013). 
In addition to mGSH depletion, NASH is also characterized by 
impaired SOD2 activity, which may contribute the increased gen- 
eration of mitochondrial superoxide and subsequent peroxynitrite 
levels that target mitochondrial proteins causing their inactivation. 
In principle, strategies such as SOD mimetics aimed to improve 
SOD2 activity may be of relevance in NASH. However, the use of 
SOD mimetics in parallel with the reported mGSH depletion can 
cause increased H2O2 and overall oxidant-dependent liver injury 
(Montfort et al, 2012). This scenario implies that the combination 
of SOD mimetics and mGSH replenishment may more efficient in 
NASH treatment. 

ALZHEIMER DISEASE 

Alzheimer disease is a major neurodegenerative disorder and the 
main cause of adult dementia. The main risk factor for AD 
is aging and therefore the number of people worldwide facing 
AD development increases every year. AD is characterized by 
progressive memory loss, cognitive impairment and disruption 
of synaptic plasticity. Although there are recommended ther- 
apies for AD, such as acetylcholinesterase inhibitors and the 
N-methyl-D-aspartate receptor antagonists, they are inefficient 
and do not prevent disease progression, reflecting our incom- 
plete understanding of AD pathogenesis. Experimental models 
and human data established two main theories underlying AD, 
the accumulation of toxic amyloid p 1 (Ap 1 ) peptides, charac- 
teristic of senile plaques, and the aggregation of tau protein, 
a microtubule-associated protein expressed in neurons that is 
involved in the stabilization of microtubules in the cytoskele- 
ton. The pathogenic processing of the amyloid precursor protein 
(APP) leads to toxic Af3 generation and is considered a criti- 
cal mechanism of AD. Accordingly, a coding mutation (A673T) 
in APP has been recently shown to protect against AD and 
age-related cognitive decline in elderly Icelanders (Jonsson et al., 
2012). This substitution, which is close to the aspartyl protease 
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P-site in APP, reduces the formation of amyloidogenic peptides 
in vitro by 40%. The protective effect of the A673T substitu- 
tion against AD provides strong evidence for the hypothesis that 
reducing the P-cleavage of APP may protect against the disease. 
Amiloidogenic processing of APP yields toxic Ap peptides. In 
this pathway, the P- and y-secretases cleave APP at the N- and 
C-termini of the Ap peptide, respectively. P-Secretase has been 
characterized as a membrane-bound aspartic protease termed 
beta-site APP-cleaving enzyme 1 (BACE1), while y-secretase is 
a complex comprised of presenilin-1 or -2, nicastrin, anterior 
pharynx-defective 1 (Aph-1) and presenilin enhancer 2 (Pen-2; 
Haass, 2004). Another novel member of the y-secretase com- 
plex has been identified. P-arrestin 2 physically associates with 
the Aph-lct subunit of the y-secretase complex and redistributes 
the complex toward detergent-resistant membranes, increasing 
the catalytic activity of the complex (Thathiah et al., 2013). More- 
over, P-arrestin 2 expression is elevated in individuals with 
AD and its overexpression leads to an increase in Ap pep- 
tide generation, whereas genetic silencing of Arrb2 (encoding 
P-arrestin 2) reduces generation of Ap in cell cultures and in 
Arrb2 _ / _ mice. In addition to its amyloidogenic processing by 
P- and y-secretases, APP can be cleaved within the Ap domain 
by a-secretase. This non-amyloidogenic processing prevents the 
deposition of intact Ap peptide and results in the release of 
a large soluble ectodomain, sAPPa, from the cell, which has 
neuroprotective and memory-enhancing effects. Members of the 
ADAMs, a disintegrin and metalloprotease family of proteases, 
have been shown to possess a-secretase activity (Hooper and 
Turner, 2002). The pathogenic processing of APP into toxic Ap 
fragments occurs in cholesterol-enriched membrane domains of 
the plasma membrane, known as lipid rafts, consistent with the 
recognized role of cholesterol in AD pathogenesis based upon 
experimental and epidemiological evidence linking plasma choles- 
terol levels and AD development (Notkola etal., 1998; Wolozin 
etal., 2000; Anstey etal, 2008). High cholesterol levels corre- 
lated with Ap deposition and the risk of developing AD, while 
patients taking the cholesterol-lowering drug statins were found 
to have a lower incidence of the disease (Notkola etal., 1998; 
Wolozin et al, 2000). Exploiting the relative detergent insolubility 
of lipid rafts, there has been evidence indicating the localiza- 
tion of APP, the a-, P- and y-secretases in rafts (Wahrle etal., 
2002; Vetrivel etal, 2005). In addition, the activities of BACE1 
and y-secretase are stimulated by lipid components of rafts, 
such as glycosphingolipids and cholesterol (Sawamura et al, 2004; 
Kalvodova et al, 2005; Ariga et al, 2008; Osenkowski et al, 2008). 
Besides its extracellular deposition, current evidence indicates the 
processing and targeting of APP and Ap to intracellular sites, 
including mitochondria (Lin and Beal, 2006). Moreover, lev- 
els of mitochondrial APP are higher in affected brain areas and 
in subjects with advanced disease symptons (Devi etal, 2006). 
Immunoelectron microscopy analyses indicated the association 
of APP with mitochondrial protein translocation components, 
TOM40 and TIM23, which correlated with decreased import 
of respiratory chain subunits in vitro, decreased cytochrome 
oxidase activity, increased ROS generation and impaired mito- 
chondrial reducing capacity (Devi etal., 2006). Although the 
molecular mechanisms of mitochondrial Ap targeting remains 



poorly understood, Ap stimulates mitochondrial ROS genera- 
tion, contributing to Ap toxicity in neurons (Behl etal., 1994; 
Casley etal, 2002; Lustbader etal, 2004). In addition to the 
amyloidogenic effect of cholesterol by fostering Ap generation 
from APP, recent data has provided evidence that mitochondrial 
cholesterol accumulation sensitizes neurons to Ap-induced neu- 
roinfiammation and neurotoxicity by depleting mGSH, effects 
that are prevented by mGSH replenishment (Fernandez etal., 
2009b). The mechanism of mitochondrial cholesterol accumu- 
lation involves the upregulation of StARDl induced by Ap via 
ER stress (Barbero-Camps etal., 2014), confirming previous 
findings in hepatocytes (Fernandez etal, 2013). Although not 
reported in patients, the trafficking of cholesterol to mitochon- 
dria may be of clinical relevance to human AD due to the 
described enhanced expression of StARDl in pyramidal hip- 
pocampal neurons of AD-affected patients (Webber etal., 2006). 
Moreover, a novel mouse model engineered to have enhanced 
cholesterol synthesis by SREBP-2 overexpression superimposed to 
APP/PS1 mutations triggered Ap accumulation and tau pathol- 
ogy (Barbero-Camps etal., 2013). This triple transgenic model 
exhibited increased mitochondrial cholesterol loading and mGSH 
depletion and accelerated Ap generation by P-secretase activation 
compared to APP/PS1 mice (Barbero-Camps etal., 2013). More- 
over, SREBP-2/APP/PS1 mice displayed synaptotoxicity, cognitive 
decline, tau hyperphosphorylation and neurofibrillary tangle for- 
mation in the absence of mutated tau, indicating that cholesterol, 
particularly mitochondrial cholesterol, can precipitate Ap accu- 
mulation and tau pathology. Importantly, in vivo replenishment 
of mGSH with cell- permeable GSH monoethyl ester (GSH-EE) 
attenuated neuropathological features of AD in SREBP-2/APP/PS1 
mice. 

In addition to the proteolytic processing by secretases, APP 
and its corresponding C-terminal fragments are also metabo- 
lized by lysosomal proteases. SORLA/SORL1 is a unique neuronal 
sorting receptor for APP that has been causally implicated in 
sporadic and autosomal dominant familial AD. Brain concentra- 
tions of SORLA are inversely correlated with Ap in mouse models 
and AD patients. Indeed, transgenic mice overexpressing SORLA 
exhibit decreased Ap concentrations in brain (Caglayan etal., 
2014). Mechanistically, Ap binds to the amino-terminal VP10P 
domain of SORLA and this binding is impaired by a familial AD 
mutation in SORL1. Moreover, sphingosine-1 -phosphate (SIP) 
accumulation by SIP lyase deficiency has recently been shown 
to impair lysosomal APP metabolism, resulting in increased Ap 
accumulation (Karaca et al., 2014). The intracellular accumulation 
of SIP interferes with the maturation of cathepsin D and degra- 
dation of Lamp2, suggesting a general impairment of lysosomal 
function and autophagy. As sphingolipids have strong affinity to 
bind cholesterol (Slotte, 1999; Ridgway, 2000), it is conceivable 
that increased lysosomal cholesterol may contribute to impaired 
lysosomal Ap degradation in the SIP lyase knockout mice. How- 
ever, this aspect remains to be investigated, raising the question 
of whether lysosomal cholesterol plays a role in lysosomal Ap 
degradation and hence has any relevance in AD. Quite intrigu- 
ingly, recent findings have reported increased expression of the 
lysosomal cholesterol transporter Niemann-Pick type C disease 1 
(NPC1) in AD (Kagedal etal., 2010). NPC is an endolysosomal 
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protein essential for the intracellular regulation of cholesterol and 
its mutation and loss-of- function elicits the lysosomal storage dis- 
ease NPC disease, characterized by the accumulation of lysosomal 
cholesterol and sphingolipids. NPC1 expression was described 
to be upregulated at both mRNA and protein levels in the hip- 
pocampus and frontal cortex of AD patients compared to controls 
subjects. However, no difference in NPC1 expression was detected 
in the cerebellum, a brain region that is relatively spared in AD. 
Moreover, murine NPC1 mRNA levels increased in the hippocam- 
pus of 1 2 -month-old APP/PS1 mice compared to wild-type mice. 
These findings strongly suggest the lack of lysosomal cholesterol 
accumulation in AD, and imply that lysosomal impairment and 
subsequent contribution to decreased Af5 degradation in AD may 
occur through mechanisms independent of cholesterol accumula- 
tion in lysosomes. Although several similarities exist between NPC 
disease and AD, including altered intracelular cholesterol home- 
ostasis, changes in the lysosomal function, neurofibrillary tangles, 
and increased A|3 generation and neurodegeneration, the likely 
common nexus between these diseases is mitochondrial choles- 
terol loading, rather than lysosomal cholesterol accumulation, 
as reported both in AD and NPC disease (Yu etal., 2005; Colell 
etal., 2009; Fernandez etal., 2009b). Thus, targeting mitochon- 
drial cholesterol may be of relevance not only for AD but also for 
other neurodegenerative and lysosomal storage diseases, including 
NPC. 

CONCLUSION AND FUTURE APPROACHES 

Mitochondria play an essential role in providing the energy needed 
for multiple signaling cascades and cellular functions. The con- 
sumption of molecular oxygen in the respiratory chain not only 
is the driving force for the ATP synthesis required for cell via- 
bility, but also the source of ROS that target mitochondrial and 
extramitochondrial targets. As described above, mitochondrial 
oxidative stress and the mGSH depletion are central events of 
many pathological conditions. However, a challenge to coun- 
teract mitochondrial oxidative stress is to recover mGSH pool 
when GSH transport is defective due to alterations in membrane 
dynamics triggered by increased mitochondrial cholesterol accu- 
mulation. In addition to the ability of mitochondrial-permeable 
GSH-EE to directly increase mGSH levels bypassing the mitochon- 
drial transport defect, it has been recently described additional 
strategies that supply mitochondria with GSH, including parental 
molecules that generate GSH once inside the mitochondrial 
matrix. This approach has been recently illustrated with the use 
of S-D-lactoylglutathione (Armeni etal, 2014). This compound 
is an intermediate of the glyoxalase system, which is hydrolyzed 
in the mitochondrial matrix yielding lactate and GSH; hence 
showing the ability to replenish mGSH resulting in recovery of 
mitochondrial function and antioxidant defense. Unlike these 
permeable GSH prodrugs that directly boost mGSH, strategies 
aimed to increase cytosol GSH (e.g., NAC) may not be an optimal 
approach for boosting mGSH and therefore for treatment of SH 
or AD, as it would result in mainly increasing cytosol GSH with- 
out replenishing mGSH levels. Another strategy to combat ROS 
generation would be the supply of antioxidants that are targeted 
selectively to mitochondria. Since lipophilic cations accumulate 
in mitochondria, the covalent attachment of a neutral bioactive 



compound to a lipophilic cation should lead to its selective deliv- 
ery to mitochondria. In this regard, alkyl-triphenylphosphonium 
(TPP) cations are excellent tools for the delivery of compounds 
to mitochondria as they preferentially accumulate quite efficiently 
within mitochondria in cells, making it possible to deliver a wide 
range of mitochondria-targeted lipophilic TPP-labeled cations 
(Ross etal., 2005; Sheu etal., 2006). This approach has been 
exploited recently in several contexts by the development of a 
series of cationic antioxidants targeted to mitochondria, including 
derivatives of the endogenous antioxidants ubiquinol (MitoQ), 
alpha-tocopherol (MitoVit E), and of the synthetic spin trap 
PBN (MitoPBN; Ross etal, 2005). These compounds have been 
found to block oxidative damage in isolated mitochondria and 
cells more effectively than untargeted antioxidant analogs due to 
their concentration within mitochondria. More importantly, oral 
administration of these compounds leads to their accumulation 
in the brain, heart, muscle and liver mitochondria (Ross etal., 
2005). In fact, MitoQ has been used in a range of in vivo studies, 
in rats and mice, and in two phase II human trials demonstrating 
that it can be safely delivered to patients with promising results, 
lending further support that mitochondria-targeted antioxidants 
may be applicable to a wide range of human pathologies that 
involve mitochondrial oxidative damage (Smith and Murphy, 
2010). 

ACKNOWLEDGMENTS 

Vicent Ribas is recipient of an Institut d'Investigacions 
Biomediques August Pi i Sunyer (IDIBAPS) Post-doctoral 
Fellowship-BIOTRACK, supported by the European Commu- 
nity's Seventh Framework Programme (EC FP7/2007-20 1 3 ) under 
the grant agreement number 229673 and the Spanish Min- 
istry of Economy and Competitiveness (MINECO) through the 
grant COFUND2013-40261. The work was supported by Cen- 
tro de Investigation Biomedica en Red de Enfermedades Hep- 
aticas y Digestivas, Fundacio la Marato de TV3 and grants 
PI1 1/0325 (META) from the Instituto Salud Carlos III and grants, 
SAF201 1-23031, and SAF2012-34831 from Plan Nacional de I+D, 
Spain; Fundacion Mutua Madrilena and the center grant P50- 
AA-11999 (Research Center for Liver and Pancreatic Diseases, 
NIAAA/NIH). 

REFERENCES 

Angulo, P., and Lindor, K. D. (2002). Non-alcoholic fatty liver disease. /. Gastroen- 
terol. Hepatol. 17(Suppl. ), S186-S190. doi: 10.1046/j.l440-1746.17.sl.l0.x 

Aniya, Y., and Imaizumi, N. (2011). Mitochondrial glutathione transferases involv- 
ing a new function for membrane permeability transition pore regulation. Drug 
Metab. Rev. 43,292-299. doi: 10.3109/03602532.2011.552913 

Anstey, K. J., Lipnicki, D. M., and Low, L. F. (2008). Cholesterol as a risk 
factor for dementia and cognitive decline: a systematic review of prospec- 
tive studies with meta-analysis. Am. J. Geriatr. Psychiatry 16, 343-354. doi: 
10.1097/JGP.0b013e31816b72d4 

Arakane, R, King, S. R., Du, Y., Kallen, C. B., Walsh, L. P., Watari, H., 
etal. (1997). Phosphorylation of steroidogenic acute regulatory protein (StAR) 
modulates its steroidogenic activity. /. Biol. Chem. 272, 32656-32662. doi: 
10.1074/jbc.272.51. 32656 

Ariga, T., McDonald, M. P., and Yu, R. K. (2008). Role of ganglioside metabolism 
in the pathogenesis of Alzheimer's disease - a review. /. Lipid Res. 49, 1 157-1 175. 
doi: 10.1194/jlr.R800007-JLR200 

Armeni, T., Cianfruglia, L., Piva, R, Urbanelli, L., Luisa Caniglia, M., Pug- 
naloni, A., etal. (2014). 5-D-Lactoylglutathione can be an alternative supply 



w w w.f ro n t i ersin.org 



July 2014 | Volume 5 | Article 151 | 13 



Ribas etal 



Glutathione and mitochondria 



of mitochondrial glutathione. Free Radic. Biol. Med. 67, 451-459. doi: 
10.1016/j.freeradbiomed.2013.12.005 

Armstrong, J. S., and Jones, D. P. (2002). Glutathione depletion enforces the mito- 
chondrial permeability transition and causes cell death in Bcl-2 overexpressing 
HL60 cells. FASEB J. 16, 1263-1265. doi: 10.1096/fj.02-0097fje 

Baines, C. P. (2010). The cardiac mitochondrion: nexus of stress. Annu. Rev. Physiol. 
72, 61-80. doi: 10.1146/annurev-physiol-021909-135929 

Baines, C. P., Kaiser, R. A., Purcell, N. H., Blair, N. S., Osinska, H., Ham- 
bleton, M. A., etal. (2005). Loss of cyclophilin D reveals a critical role for 
mitochondrial permeability transition in cell death. Nature 434, 658-662. doi: 
10.1038/nature03434 

Banmeyer, I., Marchand, C, Clippe, A., and Knoops, B. (2005). Human mitochon- 
drial peroxiredoxin 5 protects from mitochondrial DNA damages induced by 
hydrogen peroxide. F£BS Left. 579,2327-2333. doi: 10.1016/j.febslet.2005.03.027 

Barbero-Camps, E., Fernandez, A., Baulies, A., Martinez, L., Fernandez-Checa, 
J. C, and Colell, A. (2014). Endoplasmic reticulum stress mediates amyloid 
beta neurotoxicity via mitochondrial cholesterol trafficking. Am. J. Pathol doi: 
10.1016/j.ajpath.2014.03.014 [Epub ahead of print]. 

Barbero-Camps, E., Fernandez, A., Martinez, L., Fernandez-Checa, J. C, and Colell, 
A. (2013). APP/PS1 mice overexpressing SREBP-2 exhibit combined Abeta accu- 
mulation and tau pathology underlying Alzheimer's disease. Hum. Mol Genet. 
22, 3460-3476. doi: 10.1093/hmg/ddt201 

Basso, E., Fante, L., Fowlkes, J., Petronilli, V., Forte, M. A., and Bernardi, P. 
(2005). Properties of the permeability transition pore in mitochondria devoid 
of Cyclophilin D. /. Biol. Chem. 280, 18558-18561. doi: 10.1074/jbc.C500089200 

Beer, S. M., Taylor, E. R., Brown, S. E., Dahm, C. C, Costa, N. J., Runswick, M. J., et al. 
(2004). Glutaredoxin 2 catalyzes the reversible oxidation and glutathionylation of 
mitochondrial membrane thiol proteins: implications for mitochondrial redox 
regulation and antioxidant DEFENSE. /. Biol. Chem. 279, 47939-47951. doi: 
10.1074/jbc.M408011200 

Behl, C, Davis, J. B., Lesley, R., and Schubert, D. (1994). Hydrogen peroxide 
mediates amyloid beta protein toxicity. Cell 77, 817-827. doi: 10.1016/0092- 
8674(94)90131-7 

Benipal, B., and Lash, L. H. (2013). Modulation of mitochondrial glutathione status 
and cellular energetics in primary cultures of proximal tubular cells from remnant 
kidney of uninephrectomized rats. Biochem. Pharmacol. 85, 1379-1388. doi: 
10.1016/j.bcp.2013.02.013 

Bezerra, D. P., Militao, G. C, de Castro, E O., Pessoa, C, de Moraes, M. O., Silveira, 
E. R., etal. (2007). Piplartine induces inhibition of leukemia cell proliferation 
triggering both apoptosis and necrosis pathways. Toxicol. In Vitro 21, 1-8. doi: 
10.1016/j.tiv.2006.07.007 

Boscher, C, and Nabi, I. R. (2012). Caveolin-1: role in cell signaling. Adv. Exp. Med. 
Biol. 729,29-50. doi: 10.1007/978-l-4614-1222-9_3 

Bosch, M., Mari, M., Herms, A., Fernandez, A., Fajardo, A., Kassan, A., 
etal. (2011). Caveolin-1 deficiency causes cholesterol-dependent mitochon- 
drial dysfunction and apoptotic susceptibility. Curr. Biol. 21, 681-686. doi: 
10.1016/j.cub.2011.03.030 

Brand, M. D. (2010). The sites and topology of mitochondrial superoxide 
production. Exp. Gerontol. 45, 466^72. doi: 10.1016/j.exger.2010.01.003 

Brigelius-Flohe, R., and Maiorino, M. (2013). Glutathione peroxidases. Biochim. 
Biophys. Acta 1830, 3289-3303. doi: 10.1016/j.bbagen.2012.1 1.020 

Brunt, E. M. (2004). Nonalcoholic steatohepatitis. Semin. Liver Dis. 24, 3-20. doi: 
10.1055/S-2004-823098 

Caballero, E, Fernandez, A., De Lacy, A. M., Fernandez-Checa, J. C, Caballeria, J., 
and Garcia-Ruiz, C. (2009). Enhanced free cholesterol, SREBP-2 and StAR expres- 
sion in human NASH. /. Hepatol 50, 789-796. doi: 10.1016/j.jhep.2008. 12.016 

Cadenas, E., and Davies, K. J. (2000). Mitochondrial free radical genera- 
tion, oxidative stress, and aging. Free Radic. Biol Med. 29, 222-230. doi: 
10.1016/S0891-5849(00)00317-8 

Caglayan, S., Takagi-Niidome, S., Liao, F., Carlo, A. S., Schmidt, V., Burgert, T., et al. 
(2014). Lysosomal sorting of amyloid-beta by the SORLA receptor is impaired 
by a familial Alzheimer's disease mutation. Sci. Transl Med. 6:223ra20. doi: 
10.1126/scitranslmed.3007747 

Caron, K. M., Soo, S. C, Wetsel, W. C, Stocco, D. M., Clark, B. J., and Parker, 
K. L. (1997). Targeted disruption of the mouse gene encoding steroidogenic 
acute regulatory protein provides insights into congenital lipoid adrenal hyper- 
plasia. Proc. Natl Acad. Sci. U.S.A. 94, 11540-11545. doi: 10.1073/pnas.94.21. 
11540 



Casagrande, S., Bonetto, V., Fratelli, M., Gianazza, E., Eberini, I., Massignan, T., et al. 
(2002). Glutathionylation of human thioredoxin: a possible crosstalk between the 
glutathione and thioredoxin systems. Proc. Natl Acad. Sci. U.S.A. 99, 9745-9749. 
doi: 10.1073/pnas.l52168599. 

Casley, C. S., Canevari, L., Land, J. M., Clark, J. B., and Sharpe, M. A. (2002). Beta- 
amyloid inhibits integrated mitochondrial respiration and key enzyme activities. 
/. Neurochem. 80,91-100. doi: 10.1046/j.0022-3042.2001.00681.x 

Chae, H. Z., Kang, S. W., and Rhee, S. G. (1999). Isoforms of mammalian peroxire- 
doxin that reduce peroxides in presence of thioredoxin. Methods Enzymol. 300, 
219-226. doi: 10.1016/S0076-6879(99)00128-7 

Chance, B., Sies, H., and Boveris, A. (1979). Hydroperoxide metabolism in 
mammalian organs. Physiol. Rev. 59, 527-605. 

Chang, T. S., Cho, C. S., Park, S., Yu, S., Kang, S. W., and Rhee, S. G. (2004). 
Peroxiredoxin III, a mitochondrion-specific peroxidase, regulates apoptotic sig- 
naling by mitochondria. /. Biol. Chem. 279,41975-41984. doi: 10.1074/jbc.M4077 
07200 

Chen, G., Chen, Z., Hu, Y., and Huang, P. (2011). Inhibition of mitochondrial 
respiration and rapid depletion of mitochondrial glutathione by beta-phenethyl 
isothiocyanate: mechanisms for anti-leukemia activity. Antioxid. Redox Signal 
15, 29 11-2921. doi: 10.1089/ars.2011.4170 

Chen, Z., and Lash, L. H. (1998). Evidence for mitochondrial uptake of glutathione 
by dicarboxylate and 2-oxoglutarate carriers. /. Pharmacol. Exp. Ther. 285, 
608-618. 

Chen, Z., Putt, D. A., and Lash, L. H. (2000). Enrichment and functional reconstitu- 
tion of glutathione transport activity from rabbit kidney mitochondria: further 
evidence for the role of the dicarboxylate and 2-oxoglutarate carriers in mito- 
chondrial glutathione transport. Arch. Biochem. Biophys. 373, 193-202. doi: 
10.1006/abbi.l999.1527 

Cheng, Z., and Ristow, M. (2013). Mitochondria and metabolic homeostasis. 
Antioxid. Redox Signal 19, 240-242. doi: 10.1089/ars.2013.5255 

Chow, C. K., Ibrahim, W., Wei, Z., and Chan, A. C. (1999). Vitamin E regulates 
mitochondrial hydrogen peroxide generation. Free Radic. Biol. Med. 27, 580-587. 
doi: 10.1016/S0891-5849(99)00121-5 

Clark, B. J. (2012). The mammalian START domain protein family in lipid transport 
in health and disease. /. Endocrinol. 212, 257-275. doi: 10.1530/JOE-l 1-0313 

Cole-Ezea, P., Swan, D., Shanley, D., and Hesketh, J. (2012). Glutathione peroxidase 
4 has a major role in protecting mitochondria from oxidative damage and main- 
taining oxidative phosphorylation complexes in gut epithelial cells. Free Radic. 
Biol Med. 53, 488-497. doi: 10.1016/j.freeradbiomed.2012.05.029 

Colell, A., Coll, O., Garcia-Ruiz, C, Paris, R., Tiribelli, C, Kaplowitz, N., etal. 
(2001). Tauroursodeoxycholic acid protects hepatocytes from ethanol-fed rats 
against tumor necrosis factor-induced cell death by replenishing mitochondrial 
glutathione. Hepatology 34, 964-971. doi: 10.1053/jhep.2001.28510 

Colell, A., Fernandez, A., and Fernandez-Checa, J. C. (2009). Mitochondria, choles- 
terol and amyloid beta peptide: a dangerous trio in Alzheimer disease. /. Bioenerg. 
Biomembr. 41,417-423. doi: 10.1007/sl0863-009-9242-6 

Colell, A., Garcia-Ruiz, C., Miranda, M., Ardite, E., Mari, M., Morales, A., etal. 
(1998). Selective glutathione depletion of mitochondria by ethanol sensitizes 
hepatocytes to tumor necrosis factor. Gastroenterology 115, 1541-1551. doi: 
10.1016/S0016-5085(98)70034-4 

Colell, A., Garcia-Ruiz, C, Morales, A., Ballesta, A., Ookhtens, M., Rodes, J., etal. 
(1997). Transport of reduced glutathione in hepatic mitochondria and mito- 
plasts from ethanol-treated rats: effect of membrane physical properties and 
S-adenosyl-L-methionine. Hepatology 26, 699-708. doi: 10.1002/hep.510260323 

Coll, O., Colell, A., Garcia-Ruiz, C, Kaplowitz, N., and Fernandez-Checa, J. 
C. (2003). Sensitivity of the 2-oxoglutarate carrier to alcohol intake con- 
tributes to mitochondrial glutathione depletion. Hepatology 38, 692-702. doi: 
10.1053/jhep.2003.50351 

Curtis, J. M., Grimsrud, P. A., Wright, W. S., Xu, X., Foncea, R. E., Graham, D. W., 
etal. (2010). Downregulation of adipose glutathione 5-transferase A4 leads to 
increased protein carbonylation, oxidative stress, and mitochondrial dysfunction. 
Diabetes 59, 1132-1142. doi: 10.2337/db09-1105 

de Bilbao, E, Arsenijevic, D, Vallet, P., Hjelle, O. P., Ottersen, O. P., Bouras, C, 
etal. (2004). Resistance to cerebral ischemic injury in UCP2 knockout mice: 
evidence for a role of UCP2 as a regulator of mitochondrial glutathione levels. /. 
Neurochem. 89, 1283-1292. doi: 10.1111/j.l471-4159.2004.02432.x 

Devi, L., Prabhu, B. M., Galati, D. E, Avadhani, N. G., and Anandatheerthavarada, 
H. K. (2006). Accumulation of amyloid precursor protein in the mitochondrial 



Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery 



July 2014 | Volume 5 | Article 151 | 14 



Ribas etal 



Glutathione and mitochondria 



import channels of human Alzheimer's disease brain is associated with mitochon- 
drial dysfunction. /. Neurosci. 26, 9057-9068. doi: 10.1523/JNEUROSCI.1469- 
06.2006 

Enoksson, M., Fernandes, A. P., Prast, S., Lillig, C. H., Holmgren, A., and Orrenius, 
S. (2005). Overexpression of glutaredoxin 2 attenuates apoptosis by prevent- 
ing cytochrome c release. Biochem. Biophys. Res. Commun. 327, 774-779. doi: 
10.1016/j.bbrc.2004.12.067 

Esposito, L. A., Kokoszka, J. E., Waymire, K. G., Cottrell, B., MacGregor, G. 
R., and Wallace, D. C. (2000). Mitochondrial oxidative stress in mice lacking 
the glutathione peroxidase- 1 gene. Free Radic. Biol. Med. 28, 754-766. doi: 
10.1016/S0891-5849(00)00161-1 

Fernandez, A., Colell, A., Caballero, F, Matias, N., Garcia-Ruiz, C, and Fernandez- 
Checa, J. C. (2009a). Mitochondrial S-adenosyl-L-methionine transport is 
insensitive to alcohol- mediated changes in membrane dynamics. Alcohol. Clin. 
Exp. Res. 33, 1169-1180. doi: 10.1111/j.l530-0277.2009.00940.x 

Fernandez, A., Llacuna, L., Fernandez-Checa, J. C, and Colell, A. 
(2009b). Mitochondrial cholesterol loading exacerbates amyloid beta peptide- 
induced inflammation and neurotoxicity. /. Neurosci. 29, 6394-6405. doi: 
10.1523/JNEUROSCI.4909-08.2009 

Fernandez, A., Matias, N., Fucho, R., Ribas, V., Von Montfort, C, Nuno, N., etal. 
(2013). ASMase is required for chronic alcohol induced hepatic endoplasmic 
reticulum stress and mitochondrial cholesterol loading. /. Hepatol. 59, 805-813. 
doi: 10.1016/j.jhep.2013.05.023 

Fernandez-Checa, J. C, Fernandez, A., Morales, A., Mari, M., Garcia-Ruiz, C, 
and Colell, A. (2010). Oxidative stress and altered mitochondrial function in 
neurodegenerative diseases: lessons from mouse models. CNS Neurol. Disord. 
DrugTargets9, 439-454. doi: 10.2174/187152710791556113 

Fernandez-Checa, J. C, and Kaplowitz, N. (2005). Hepatic mitochondrial glu- 
tathione: transport and role in disease and toxicity. Toxicol. Appl. Pharmacol. 204, 
263-273. doi: 10.1016/j.taap.2004.10.001 

Gallagher, E. P., Gardner, J. L., and Barber, D. S. (2006). Several glutathione 
S-transferase isozymes that protect against oxidative injury are expressed 
in human liver mitochondria. Biochem. Pharmacol. 71, 1619-1628. doi: 
10.1016/j.bcp.2006.02.018 

Gallogly, M. M., Starke, D. W., and Mieyal, J. J. (2009). Mechanistic and kinetic 
details of catalysis of thiol-disulfide exchange by glutaredoxins and poten- 
tial mechanisms of regulation. Antioxid. Redox Signal. 11, 1059-1081. doi: 
10.1089/ARS.2008.2291 

Garcia-Ruiz, C, Baulies, A., Mari, M., Garcia-Roves, P. M., and Fernandez-Checa, J. 
C. (2013a). Mitochondrial dysfunction in non-alcoholic fatty liver disease and 
insulin resistance: cause or consequence? Free Radic. Res. 47, 854-868. doi: 
10.3109/10715762.2013.830717 

Garcia-Ruiz, C, Kaplowitz, N., and Fernandez-Checa, J. C. (2013b). Role of 
mitochondria in alcoholic liver disease. Curr. Pathobiol. Rep. 1, 159-168. doi: 
10.1007/s40139-013-0021-z 

Garcia-Ruiz, C, Colell, A., Morales, A., Calvo, M., Enrich, C, and 
Fernandez-Checa, J. C. (2002). Trafficking of ganglioside GD3 to mitochon- 
dria by tumor necrosis factor-alpha. /. Biol. Chem. 277, 36443-36448. doi: 
10. 1074/jbc.M20602 1200M20602 1 200 

Garcia-Ruiz, C, and Fernandez-Checa, J. C. (2006). Mitochondrial glutathione: 
hepatocellular survival-death switch. /. Gastroenterol. Hepatol. 21(Suppl. 3), S3- 
S6. doi: 10.1111/j.l440-1746.2006.04570.x 

Garcia-Ruiz, C, Mari, M., Colell, A., Morales, A., Caballero, F, Montero, J., etal. 
(2009). Mitochondrial cholesterol in health and disease. Histol. Histopathol. 24, 
117-132. 

Garcia-Ruiz, C, Mari, M., Colell, A., Morales, A., and Fernandez-Checa, J. C. (201 1 ). 
Metabolic therapy: lessons from liver diseases. Curr. Pharm. Des. 17, 3933-3944. 
doi: 10.2174/138161211798357700 

Garcia-Ruiz, C, Morales, A., Ballesta, A., Rodes, J., Kaplowitz, N., and Fernandez- 
Checa, J. C. (1994). Effect of chronic ethanol feeding on glutathione and 
functional integrity of mitochondria in periportal and perivenous rat hepatocytes. 
/. Clin. Invest. 94, 193-201. doi: 10.1 172/JCI1 17306 

Gardner, J. L., and Gallagher, E. P. (2001). Development of a peptide antibody 
specific to human glutathione S-transferase alpha 4-4 (hGSTA4-4) reveals pref- 
erential localization in human liver mitochondria. Arch. Biochem. Biophys. 390, 
19-27. doi: 10.1006/abbi.2001.2352 

Giorgio, M., Migliaccio, E., Orsini, F., Paolucci, D., Moroni, M., Contursi, C, etal. 
(2005). Electron transfer between cytochrome c and p66Shc generates reactive 



oxygen species that trigger mitochondrial apoptosis. Cell 122, 221-233. doi: 
10.1016/j.cell.2005.05.011 

Gladyshev, V. N., Liu, A., Novoselov, S. V., Krysan, K., Sun, Q. A., Kryukov, 
V. M., etal. (2001). Identification and characterization of a new mammalian 
glutaredoxin (thioltransferase), Grx2. /. Biol. Chem. 276, 30374-30380. doi: 
10.1074/jbc.M100020200 

Gonzalvez, F., and Gottlieb, E. (2007). Cardiolipin: setting the beat of apoptosis. 
Apoptosis 12, 877-885. doi: 10.1007/sl0495-007-0718-8 

Griffith, O. W., and Meister, A. (1985). Origin and turnover of mito- 
chondrial glutathione. Proc. Natl. Acad. Sci. U.S.A. 82, 4668-4672. doi: 
10. 1073/pnas.82. 14.4668 

Haass, C. (2004). Take five - BACE and the gamma-secretase quartet con- 
duct Alzheimer's amyloid beta-peptide generation. EMBO J. 23, 483^88. doi: 
10.1038/sj.emboj.7600061 

Hammerman, P. S., Fox, C. J., and Thompson, C. B. (2004). Beginnings of a signal- 
transduction pathway for bioenergetic control of cell survival. Trends Biochem. 
Sci. 29, 586-592. doi: 10.1016/j.tibs.2004.09.008 

Ha, S. D., Park, S., Han, C. Y., Nguyen, M. L., and Kim, S. O. (2012). 
Cellular adaptation to anthrax lethal toxin-induced mitochondrial cholesterol 
enrichment, hyperpolarization, and reactive oxygen species generation through 
downregulating MLN64 in macrophages. Mol. Cell Biol. 32, 4846-4860. doi: 
10.1128/MCB.00494-12 

Hayes, J. D., Flanagan, J. U., and Jowsey, I. R. (2005). Glu- 
tathione transferases. Annu. Rev. Pharmacol. Toxicol. 45, 51-88. doi: 
10.1 146/annurev.pharmtox.45. 120403.095857 

Hooper, N. M., and Turner, A. J. (2002). The search for alpha-secretase and its 
potential as a therapeutic approach to Alzheimer s disease. Curr. Med. Chem. 9, 
1107-1119. doi: 10.2174/0929867023370121 

Ho, Y. S., Magnenat, J. L., Bronson, R. T, Cao, J., Gargano, M., Sugawara, M., et al. 
(1997). Mice deficient in cellular glutathione peroxidase develop normally and 
show no increased sensitivity to hyperoxia. /. Biol. Chem. 272, 16644-16651. doi: 
10.1074/jbc.272.26.16644 

Huang, T. T., Yasunami, M., Carlson, E. J., Gillespie, A. M., Reaume, A. G, 
Hoffman, E. K., etal. (1997). Superoxide-mediated cytotoxicity in superoxide 
dismutase-deficient fetal fibroblasts. Arch. Biochem. Biophys. 344, 424-432. doi: 
10.1006/abbi.l997.0237 

Hurd, T. R., Requejo, R., Filipovska, A., Brown, S., Prime, T. A., Robinson, A. J., 
et al. (2008). Complex I within oxidatively stressed bovine heart mitochondria is 
glutathionylated on Cys-531 and Cys-704 of the 75-kDa subunit: potential role 
of CYS residues in decreasing oxidative damage. /. Biol. Chem. 283, 24801-24815. 
doi: 10.1074/jbc.M803432200 

Ikonen, E. (2008). Cellular cholesterol trafficking and compartmentalization. Nat. 
Rev. Mol. CellBiol. 9, 125-138. doi: 10.1038/nrm2336 

Ji, C, and Kaplowitz, N. (2003). Betaine decreases hyperhomocysteinemia, endo- 
plasmic reticulum stress, and liver injury in alcohol-fed mice. Gastroenterology 
124, 1488-1499. doi: 10.1016/S0016-5085(03)00276-2 

Ji, C, and Kaplowitz, N. (2004). Hyperhomocysteinemia, endoplasmic reticulum 
stress, and alcoholic liver injury. World ]. Gastroenterol. 10, 1699-1708. 

Johansson, C, Lillig, C. H, and Holmgren, A. (2004). Human mitochondrial 
glutaredoxin reduces S-glutathionylated proteins with high affinity accepting 
electrons from either glutathione or thioredoxin reductase. /. Biol. Chem. 279, 
7537-7543. doi: 10.1074/jbc.M312719200 

Jonsson, T, Atwal, J. K., Steinberg, S., Snaedal, J., Jonsson, P. V., Bjornsson, S., et al. 
(2012). A mutation in APP protects against Alzheimer's disease and age-related 
cognitive decline. Nature 488, 96-99. doi: 10.1038/naturel 1283 

Josekutty, J., Iqbal, J., Iwawaki, T, Kohno, K., and Hussain, M. M. (2013). Microso- 
mal triglyceride transfer protein inhibition induces endoplasmic reticulum stress 
and increases gene transcription via Irelalpha/cjun to enhance plasma ALT/AST. 
7. Biol. Chem. 288, 14372-14383. doi: 10.1074/jbc.M113.459602 

Kaelin, W. G. Jr. (2005). ROS: really involved in oxygen sensing. Cell Metab. 1, 
357-358. doi: 10.1016/j.cmet.2005.05.006 

Kagan, V. E., Tyurin, V. A., Jiang, J., Tyurina, Y. Y, Ritov, V. B., Amoscato, A. A., 
et al. (2005). Cytochrome c acts as a cardiolipin oxygenase required for release of 
proapoptotic factors. Nat. Chem. Biol. 1, 223-232. doi: 10.1038/nchembio727 

Kagedal, K., Kim, W. S., Appelqvist, H., Chan, S., Cheng, D., Agholme, L., 
etal. (2010). Increased expression of the lysosomal cholesterol transporter 
NPC1 in Alzheimer's disease. Biochim. Biophys. Acta 1801, 831-838. doi: 
10.1016/j.bbalip.2010.05.005 



www.f rontiersin .org 



July 2014 | Volume 5 | Article 151 | 15 



Ribas etal 



Glutathione and mitochondria 



Kalvodova, L., Kahya, N., Schwille, P., Ehehalt, R., Verkade, P., Drechsel, D., etal. 
(2005). Lipids as modulators of proteolytic activity of BACE: involvement of 
cholesterol, glycosphingolipids, and anionic phospholipids in vitro. /. Biol. Chem. 
280, 36815-36823. doi: 10.1074/jbc.M504484200 

Kamga, C. K., Zhang, S. X., and Wang, Y. (2010). Dicarboxylate carrier-mediated 
glutathione transport is essential for reactive oxygen species homeostasis and 
normal respiration in rat brain mitochondria. Am. /. Physiol. Cell Physiol. 299, 
C497-C505. doi: 10.1152/ajpcell.00058.2010 

Karaca, I., Tamboli, I. Y., Glebov, K., Richter, J., Fell, L. H., Grimm, M. 
O., etal. (2014). Deficiency of sphingosine-1 -phosphate lyase impairs lyso- 
somal metabolism of the amyloid precursor protein. /. Biol. Chem. doi: 
10.1 074/jbc.Ml 1 3.535500 [Epub ahead of print] . 

Kil, I. S., Lee, S. K., Ryu, K. W., Woo, H. A., Hu, M. C., Bae, S. H., etal. (2012). 
Feedback control of adrenal steroidogenesis via H202-dependent, reversible 
inactivation of peroxiredoxin III in mitochondria. Mol. Cell 46, 584-594. doi: 
10.1016/j.molcel.2012.05.030 

Kishida, T., Kostetskii, I., Zhang, Z., Martinez, E, Liu, P., Walkley, S. U., etal. 

(2004) . Targeted mutation of the MLN64 START domain causes only modest 
alterations in cellular sterol metabolism. /. Biol. Chem. 279, 19276-19285. doi: 
10.1074/jbc.M400717200 

Klein, E. A., Thompson, I. M. Jr., Tangen, C. M., Crowley, J. J., Lucia, M. S., 
Goodman, P. J., etal. (2011). Vitamin E and the risk of prostate cancer: the 
Selenium and Vitamin E Cancer Prevention Trial (SELECT). JAMA 306, 1549- 
1556. doi: 10.1001/jama.2011.1437 

Knoops, B., Goemaere, J., Van der Eecken, V., and Declercq, J. P. (2011). Peroxire- 
doxin 5: structure, mechanism, and function of the mammalian atypical 2-Cys 
peroxiredoxin. Antioxid. Redox Signal. 15, 817-829. doi: 10.1089/ars.2010.3584 

Kojer, K., Bien, M., Gangel, FL, Morgan, B., Dick, T. P., and Riemer, J. (2012). 
Glutathione redox potential in the mitochondrial intermembrane space is linked 
to the cytosol and impacts the Mia40 redox state. EMBO J. 31, 3169-3182. doi: 
10.1038/emboj.2012.165 

Kokoszka, J. E., Waymire, K. G., Levy, S. E., Sligh, J. E., Cai, J., Jones, D. P., et al. (2004). 
The ADP/ATP translocator is not essential for the mitochondrial permeability 
transition pore. Nature 427, 461-465. doi: 10.1038/nature02229 

Krahenbuhl, S., Talos, C, Lauterburg, B. FL, and Reichen, J. (1995). Reduced 
antioxidative capacity in liver mitochondria from bile duct ligated rats. Hepatology 
22, 607-612. doi: 10.1016/0270-9139(95)90586-3 

Kroemer, G., Galluzzi, L., and Brenner, C. (2007). Mitochondrial membrane perme- 
abilization in cell death. P/iysi'o/. .Rev. 87, 99-163. doi: 10.1152/physrev.00013.2006 

Kulawiak, B., Hopker, J., Gebert, M., Guiard, B., Wiedemann, N., and Gebert, 
N. (2013). The mitochondrial protein import machinery has multiple con- 
nections to the respiratory chain. Biochim. Biophys. Acta 1827, 612-626. doi: 
10.1016/j.bbabio.2012. 12.004 

Landeta, O., Landajuela, A., Gil, D., Taneva, S., Di Primo, C, Sot, B., etal. (2011). 
Reconstitution of proapoptotic BAK function in liposomes reveals a dual role for 
mitochondrial lipids in the BAK-driven membrane permeabilization process. /. 
Biol. Chem. 286, 8213-8230. doi: 10.1074/jbc.Ml 10.165852 

Lash, L. H. (2006). Mitochondrial glutathione transport: physiological, patho- 
logical and toxicological implications. Chem. Biol. Interact. 163, 54-67. doi: 
10.1016/j.cbi.2006.03.001 

Lash, L. FL, Putt, D. A., and Matherly, L. H. (2002). Protection of NRK-52E cells, 
a rat renal proximal tubular cell line, from chemical-induced apoptosis by over- 
expression of a mitochondrial glutathione transporter. /. Pharmacol. Exp. Ther. 
303, 476-486. doi: 10. 1124/jpet. 102.040220 

Legault, J., Carrier, C, Petrov, P., Renard, P., Remacle, J., and Mirault, M. E. 
(2000). Mitochondrial GPxl decreases induced but not basal oxidative dam- 
age to mtDNA in T47D cells. Biochem. Biophys. Res. Commun. 272, 416-422. doi: 
10.1006/bbrc.2000.2800 

Lillig, C. FL, Berndt, C, and Holmgren, A. (2008). Glutaredoxin systems. Biochim. 
Biophys. Acta 1780, 1304-1317. doi: 10.1016/j.bbagen.2008.06.003 

Lillig, C. FL, Berndt, C, Vergnolle, O., Lonn, M. E., Hudemann, C, Bill, E., etal. 

(2005) . Characterization of human glutaredoxin 2 as iron-sulfur protein: a pos- 
sible role as redox sensor. Proc. Natl. Acad. Sci. U.S.A. 102, 8168-8173. doi: 
10.1073/pnas.0500735102 

Li, L. Y, Luo, X., and Wang, X. (2001). Endonuclease G is an apoptotic DNase when 
released from mitochondria. Nature 412, 95-99. doi: 10.1038/35083620 

Lin, M. T, and Beal, M. F. (2006). Alzheimer's APP mangles mitochondria. Nat. 
Med. 12, 1241-1243. doi: 10.1038/nmll06-1241 



Li, W., James, M. O., McKenzie, S. C, Calcutt, N. A., Liu, C, and Stacpoole, 
P. W. (2011). Mitochondrion as a novel site of dichloroacetate biotransforma- 
tion by glutathione transferase zeta 1. /. Pharmacol. Exp. Ther. 336, 87-94. doi: 
10.1124/jpet.ll0.173195 

Lluis, J. M., Buricchi, E, Chiarugi, P., Morales, A., and Fernandez-Checa, J. C. (2007). 
Dual role of mitochondrial reactive oxygen species in hypoxia signaling: activation 
of nuclear factor-{kappa}B via c-SRC and oxidant-dependent cell death. Cancer 
Res. 67, 7368-7377. doi: 10.1158/0008-5472.CAN-07-0515 

Lluis, J. M., Colell, A., Garcia-Ruiz, C, Kaplowitz, N., and Fernandez-Checa, J. 
C. (2003). Acetaldehyde impairs mitochondrial glutathione transport in FFepG2 
cells through endoplasmic reticulum stress. Gastroenterology 124, 708-724. doi: 
10.1053/gast.2003.50089S0016508502159671 

Lluis, J. M., Morales, A., Blasco, C, Colell, A., Mari, M., Garcia-Ruiz, C, et al. (2005). 
Critical role of mitochondrial glutathione in the survival of hepatocytes during 
hypoxia. /. Biol. Chem. 280, 3224-3232. doi: 10.1074/jbc.M408244200 

Lu, C, and Armstrong, J. S. (2007). Role of calcium and cyclophilin D in the 
regulation of mitochondrial permeabilization induced by glutathione depletion. 
Biochem. Biophys. Res. Commun. 363, 572-577. doi: 10.1016/j.bbrc.2007.08.196 

Lucken-Ardjomande, S., Montessuit, S., and Martinou, J. C. (2008). Bax acti- 
vation and stress-induced apoptosis delayed by the accumulation of choles- 
terol in mitochondrial membranes. Cell Death. Differ. 15, 484-493. doi: 
10.1038/sj.cdd.4402280 

Lundberg, M., Johansson, C, Chandra, J., Enoksson, M., Jacobsson, G., Ljung, 
J., etal. (2001). Cloning and expression of a novel human glutaredoxin (Grx2) 
with mitochondrial and nuclear isoforms. /. Biol. Chem. 276, 26269-26275. doi: 
10.1074/jbc.M011605200 

Lustbader, J. W, Cirilli, M., Lin, C, Xu, H. W, Takuma, K., Wang, N., etal. (2004). 
ABAD directly links Abeta to mitochondrial toxicity in Alzheimer's disease. 
Science 304, 448-452. doi: 10.1126/science.l091230 

Mailloux, R. J., Xuan, J. Y, McBride, S., Maharsy, W, Thorn, S., Holterman, C. E., 
etal. (2014). Glutaredoxin-2 is required to control oxidative phosphorylation in 
cardiac muscle by mediating deglutathionylation reactions. /. Biol. Chem. doi: 
10.1074/jbc.M114.550574 [Epub ahead of print]. 

Marchissio, M. J., Frances, D. E., Carnovale, C. E., and Marinelli, R. A. (2012). 
Mitochondrial aquaporin-8 knockdown in human hepatoma FFepG2 cells causes 
ROS-induced mitochondrial depolarization and loss of viability. Toxicol. Appl. 
Pharmacol. 264,246-254. doi: 10.1016/j.taap.2012.08.005 

Mari, M„ Caballero, E, Colell, A., Morales, A., Caballeria, J., Fernandez, A., 
etal. (2006). Mitochondrial free cholesterol loading sensitizes to TNF- and 
Fas-mediated steatohepatitis. Cell Metab. 4, 185-198. doi: 10.1016/j.cmet.2006. 
07.006 

Mari, M., Colell, A., Morales, A., Caballero, E, Moles, A., Fernandez, A., et al. (2008). 
Mechanism of mitochondrial glutathione-dependent hepatocellular susceptibil- 
ity to TNF despite NF-kappaB activation. Gastroenterology 134, 1507-1520. doi: 
10.1053/j.gastro.2008.01.073 

Mari, M., Colell, A., Morales, A., von Montfort, C, Garcia-Ruiz, C, and Fernandez- 
Checa, J. C. (2010). Redox control of liver function in health and disease. Antioxid. 
RedoxSignal. 12, 1295-1331. doi: 10.1089/ars.2009.2634 

Mari, M., Morales, A., Colell, A, Garcia-Ruiz, C, and Fernandez-Checa, J. C. (2009). 
Mitochondrial glutathione, a key survival antioxidant. Antioxid. Redox Signal. 1 1, 
2685-2700. doi: 10.1089/ARS.2009.2695 

Mari, M., Morales, A., Colell, A., Garcia-Ruiz, C, Kaplowitz, N., and 
Fernandez-Checa, J. C. (2013). Mitochondrial glutathione: features, regu- 
lation and role in disease. Biochim. Biophys. Acta 1830, 3317-3328. doi: 
10.1016/j.bbagen.2012.10.018 

Martensson, J., Lai, J. C, and Meister, A. (1990). High-affinity transport of glu- 
tathione is part of a multicomponent system essential for mitochondrial function. 
Proc. Natl. Acad. Sci. U.S.A. 87, 7185-7189. doi: 10.1073/pnas.87.18.7185 

Martinou, J. C, and Green, D. R. (2001). Breaking the mitochondrial barrier. Nat. 
Rev. Mol. Cell Biol. 2, 63-67. doi: 10.1038/35048069 

McCommis, K. S., McGee, A. M., Laughlin, M. H., Bowles, D. K., and Baines, 
C. P. (2011). Hypercholesterolemia increases mitochondrial oxidative stress and 
enhances the MPT response in the porcine myocardium: beneficial effects of 
chronic exercise. Am. J. Physiol. Regul. Integr. Comp. Physiol. 301, R1250-R1258. 
doi: 10.1152/ajpregu.00841.2010 

Miller, W. L. (2007). Steroidogenic acute regulatory protein (StAR), a novel mito- 
chondrial cholesterol transporter. Biochim. Biophys. Acta 1771, 663-676. doi: 
10.1016/j.bbalip.2007.02.012 



Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery 



July 2014 | Volume 5 | Article 151 | 16 



Ribas etal 



Glutathione and mitochondria 



Miller, W. L. (2013). Steroid hormone synthesis in mitochondria. Mol. Cell. 
Endocrinol. 379, 62-73. doi: 10.1016/j.mce.2013.04.014 

Montero, J., Mari, M., Colell, A., Morales, A., Basanez, G., Garcia-Ruiz, C, 
etal. (2010). Cholesterol and peroxidized cardiolipin in mitochondrial mem- 
brane properties, permeabilization and cell death. Biochim. Biophys. Acta 1797, 
1217-1224. doi: 10.1016/j.bbabio.2010.02.010 

Montero, J., Morales, A., Llacuna, L., Lluis, J. M., Terrones, O., Basanez, G, 
etal. (2008). Mitochondrial cholesterol contributes to chemotherapy resistance 
in hepatocellular carcinoma. Cancer Res. 68, 5246-5256. doi: 10.1158/0008- 
5472.CAN-07-6161 

Montfort, C, Matias, N., Fernandez, A., Fucho, R., Conde de la Rosa, L., Martinez- 
Chantar, M. L., etal. (2012). Mitochondrial GSH determines the toxic or 
therapeutic potential of superoxide scavenging in steatohepatitis. /. Hepatol 57, 
852-859. doi: 10.1016/j.jhep.2012.05.024 

Morohaku, K., Pelton, S. H., Daugherty, D. J., Butler, W. R., Deng, W., and 
Selvaraj, V. (2014). Translocator protein/peripheral benzodiazepine receptor is 
not required for steroid hormone biosynthesis. Endocrinology 155, 89-97. doi: 
10.1210/en.2013-1556 

Muller, F. L., Lustgarten, M. S., Jang, Y., Richardson, A., and Van Remmen, H. 
(2007). Trends in oxidative aging theories. Free Radic. Biol. Med. 43, 477-503. 
doi: 10.1016/j.freeradbiomed.2007.03.034 

Munoz-Pinedo, C, Guio-Carrion, A., Goldstein, J. C, Fitzgerald, R, Newmeyer, 
D. D., and Green, D. R. (2006). Different mitochondrial intermembrane space 
proteins are released during apoptosis in a manner that is coordinately initiated 
but can vary in duration. Proc. Natl. Acad. Sci. U.S.A. 103, 11573-11578. doi: 
10.1073/pnas.0603007103 

Murata, M., Peranen, J., Schreiner, R., Wieland, R, Kurzchalia, T. V., and Simons, 
K. (1995). VIP21/caveolin is a cholesterol-binding protein. Proc. Natl. Acad. Sci. 
U.S.A. 92, 10339-10343. doi: 10.1073/pnas.92.22. 10339 

Nakagawa, T., Shimizu, S., Watanabe, T., Yamaguchi, O., Otsu, K., Yamagata, H., 
etal. (2005). Cyclophilin D-dependent mitochondrial permeability transition 
regulates some necrotic but not apoptotic cell death. Nature 434, 652-658. doi: 
10.1038/nature03317 

Nguyen, A. D., McDonald, J. G, Bruick, R. K., and DeBose-Boyd, R. 
A. (2007). Hypoxia stimulates degradation of 3-hydroxy-3-methylglutaryl- 
coenzyme A reductase through accumulation of lanosterol and hypoxia-inducible 
factor-mediated induction of insigs. /. Biol. Chem. 282, 27436-27446. doi: 
10.1074/jbc.M704976200 

Notkola, I. L., Sulkava, R., Pekkanen, J., Erkinjuntti, T., Ehnholm, C, Kivinen, 
P., etal. (1998). Serum total cholesterol, apolipoprotein E epsilon 4 allele, and 
Alzheimer's disease. Neuroepidemiology 17, 14-20. doi: 10.1159/000026149 

Okado-Matsumoto, A., and Fridovich, I. (2001). Subcellular distribution of super- 
oxide dismutases (SOD) in rat liver: Cu,Zn-SOD in mitochondria. /. Biol. Chem. 
276, 38388-38393. doi: 10.1074/jbc.M105395200 

Olafsdottir, K., and Reed, D. J. (1988). Retention of oxidized glutathione by isolated 
rat liver mitochondria during hydroperoxide treatment. Biochim. Biophys. Acta 
964, 377-382. doi: 10.1016/0304-4165(88)90038-4 

Orrenius, S., Gogvadze, V., and Zhivotovsky, B. (2007). Mitochondrial oxidative 
stress: implications for cell death. Annu. Rev. Pharmacol. Toxicol. 47, 143-183. 
doi: 10. 1 146/annurev.pharmtox.47. 120505. 105 1 22 

Osenkowski, P., Ye, W., Wang, R., Wolfe, M. S., and Selkoe, D. J. (2008). Direct 
and potent regulation of gamma-secretase by its lipid microenvironment. /. Biol. 
Chem. 283, 22529-22540. doi: 10.1074/jbc.M801925200 

Ozcan, U., Yilmaz, E., Ozcan, L., Furuhashi, M., Vaillancourt, E., Smith, R. O., 
etal. (2006). Chemical chaperones reduce ER stress and restore glucose home- 
ostasis in a mouse model of type 2 diabetes. Science 313, 1137-1140. doi: 
10.1126/science.ll28294 

Papadopoulos, V., and Miller, W. L. (2012). Role of mitochondria in steroido- 
genesis. Best Pract. Res. Clin. Endocrinol Metab. 26, 771-790. doi: 
10.1016/j.beem.2012.05.002 

Parton, R. G, and Simons, K. (2007). The multiple faces of caveolae. Nat. Rev. Mol. 
CellBiol. 8, 185-194. doi: 10.1038/nrm2122 

Pol, A., Luetterforst, R., Lindsay, M., Heino, S., Ikonen, E., and Parton, R. G. 
(2001). A caveolin dominant negative mutant associates with lipid bodies and 
induces intracellular cholesterol imbalance. /. Cell Biol. 152, 1057-1070. doi: 
10.1083/jcb.l52.5.1057 

Pol, A., Martin, S-, Fernandez, M. A., Ingelmo-Torres, M., Ferguson, C, Enrich, 
C, et al. (2005). Cholesterol and fatty acids regulate dynamic caveolin trafficking 



through the Golgi complex and between the cell surface and lipid bodies. Mol 

Biol. Cell 16, 2091-2105. doi: 10.1091/mbc.E04-08-0737 
Pompella, A., Visvikis, A., Paolicchi, A., De Tata, V., and Casini, A. F. (2003). The 

changing faces of glutathione, a cellular protagonist. Biochem. Pharmacol 66, 

1499-1503. doi: 10.1016/S0006-2952(03)00504-5 
Puri, P., Baillie, R. A., Wiest, M. M., Mirshahi, E, Choudhury, J., Cheung, O., et al. 

(2007). A lipidomic analysis of nonalcoholic fatty liver disease. Hepatology 46, 

1081-1090. doi: 10.1002/hep.21763 
Quinlan, C. L., Goncalves, R. L., Hey-Mogensen, M., Yadava, N., Bunik, V. I., and 

Brand, M. D. (2014). The 2-oxoacid dehydrogenase complexes in mitochondria 

can produce superoxide/hydrogen peroxide at much higher rates than complex I. 

/. Biol. Chem. 289, 8312-8325. doi: 10.1074/jbc.M113.545301 
Quinlan, C. L., Orr, A. L., Perevoshchikova, I. V., Treberg, J. R., Ackrell, B. A., and 

Brand, M. D. (2012). Mitochondrial complex II can generate reactive oxygen 

species at high rates in both the forward and reverse reactions. /. Biol Chem. 287, 

27255-27264. doi: 10.1074/jbc.M112.374629 
Quinlan, C. L., Perevoschikova, I. V., Goncalves, R. L., Hey-Mogensen, M., and 

Brand, M. D. (2013). The determination and analysis of site-specific rates of 

mitochondrial reactive oxygen species production. Methods Enzymol. 526, 189— 

217. doi: 10.1016/B978-0-12-405883-5.00012-0 
Quintana-Cabrera, R., Fernandez-Fernandez, S., Bobo-Jimenez, V., Escobar, J., Sas- 

tre, J., Almeida, A., etal. (2012). gamma-Glutamylcysteine detoxifies reactive 

oxygen species by acting as glutathione peroxidase- 1 cofactor. Nat. Commun. 

3:718. doi: 10.1038/ncommsl722 
Raimundo, N. (2014). Mitochondrial pathology: stress signals from the energy 

factory. Trends Mol. Med. 20,282-292. doi: 10.1016/j.molmed.2014.01.005 
Raj, L., Ide, T, Gurkar, A. U., Foley, M., Schenone, M., Li, X., et al. (2011). Selective 

killing of cancer cells by a small molecule targeting the stress response to ROS. 

Nature 475, 231-234. doi: 10.1038/naturel0167 
Ravindran, J., Prasad, S., and Aggarwal, B. B. (2009). Curcumin and cancer cells: 

how many ways can curry kill tumor cells selectively? AAPS /.ll, 495-510. doi: 

10.1208/sl2248-009-9128-x 
Renault, T. T, and Chipuk, J. E. (2013). Inter-organellar communication with 

mitochondria regulates both the intrinsic and extrinsic pathways of apoptosis. 

Commun. Integr. Biol. 6:e22872. doi: 10.4161/cib.22872 
Rhee, S. G, Woo, H. A., Kil, I. S., and Bae, S. H. (2012). Peroxiredoxin functions 

as a peroxidase and a regulator and sensor of local peroxides. /. Biol. Chem. 287, 

4403-4410. doi: 10.1074/jbc.R111.283432 
Ridgway, N. D. (2000). Interactions between metabolism and intracellular distri- 
bution of cholesterol and sphingomyelin. Biochim. Biophys. Acta 1484, 129-141. 

doi: 10.1016/S1388-1981(00)00006-8 
Ross, M. E, Kelso, G. E, Blaikie, F. H., James, A. M., Cocheme, H. M., Filipovska, A., 

et al. (2005). Lipophilic triphenylphosphonium cations as tools in mitochondrial 

bioenergetics and free radical biology. Biochemistry (Mosc.) 70, 222-230. doi: 

10.1007/sl0541-005-0104-5 
Samudio, I., Konopleva, M., Hail, N. Jr., Shi, Y. X., McQueen, T, Hsu, T, et al. (2005). 

2-Cyano-3,12-dioxooleana-l,9-dien-28-imidazolide (CDDO-Im) directly targets 

mitochondrial glutathione to induce apoptosis in pancreatic cancer. /. Biol. Chem. 

280, 36273-36282. doi: 10.1074/jbc.M507518200 
Samudio, I., Kurinna, S., Ruvolo, P., Korchin, B., Kantarjian, H., Beran, M., 

etal. (2008). Inhibition of mitochondrial metabolism by methyl-2-cyano- 

3,12-dioxooleana-l,9-diene-28-oate induces apoptotic or autophagic cell death 

in chronic myeloid leukemia cells. Mol Cancer Ther. 7, 1130-1139. doi: 

10.1158/1535-7163.MCT-07-0553 
Sawamura, N., Ko, M., Yu, W., Zou, K., Hanada, K., Suzuki, T, etal. (2004). 

Modulation of amyloid precursor protein cleavage by cellular sphingolipids. /. 

Biol. Chem. 279, 11984-11991. doi: 10.1074/jbc.M309832200 
Sayin, V. I., Ibrahim, M. X., Larsson, E., Nilsson, J. A., Lindahl, P., and Bergo, M. O. 

(2014). Antioxidants accelerate lung cancer progression in mice. Sci. Transl Med. 

6:221ral5. doi: 10.1126/scitranslmed.3007653 
Scaffidi, C, Fulda, S., Srinivasan, A., Friesen, C, Li, E, Tomaselli, K. J., etal. 

(1998). Two CD95 (APO-l/Fas) signaling pathways. EMBO J. 17, 1675-1687. 

doi: 10.1093/emboj/17.6.1675 
Schinzel, A. C, Takeuchi, O., Huang, Z., Fisher, J. K., Zhou, Z., Rubens, 

J., etal. (2005). Cyclophilin D is a component of mitochondrial permeabil- 
ity transition and mediates neuronal cell death after focal cerebral ischemia. 

Proc. Natl Acad. Sci. U.S.A. 102, 12005-12010. doi: 10.1073/pnas.05052 

94102 



www.f rontiersin .org 



July 2014 | Volume 5 | Article 151 | 17 



Ribas etal 



Glutathione and mitochondria 



Schumacker, P. T. (2006). Reactive oxygen species in cancer cells: live by the sword, 
die by the sword. Cancer Cell 10, 175-176. doi: 10.1016/j.ccr.2006.08.015 

Sena, L. A., and Chandel, N. S. (2012). Physiological roles of mitochondrial reactive 
oxygen species. Mol. Cell 48, 158-167. doi: 10.1016/j.molcel.2012.09.025 

Serviddio, G., Bellanti, R, Tamborra, R., Rollo, T., Capitanio, N., Romano, A. 
D., etal. (2008). Uncoupling protein-2 (UCP2) induces mitochondrial pro- 
ton leak and increases susceptibility of non-alcoholic steatohepatitis (NASH) 
liver to ischaemia-reperfusion injury. Gut 57, 957-965. doi: 10.1136/gut.2007. 
147496 

Sheu, S. S., Nauduri, D., and Anders, M. W. (2006). Targeting antioxidants to 
mitochondria: a new therapeutic direction. Biochim. Biophys. Acta 1762,256-265. 
doi: 10.1016/j.bbadis.2005. 10.007 

Sies, H. (2014). Role of Metabolic H202 Generation: REDOX SIGNAL- 
ING AND OXIDATIVE STRESS. /. Biol. Chem. 289, 8735-8741. doi: 
10.1074/jbc.Rl 13.544635 

Sileikyte, J., Blachly-Dyson, E., Sewell, R., Carpi, A., Menabo, R., Di Lisa, E, etal. 
(2014). Regulation of the mitochondrial permeability transition pore by the outer 
membrane does not involve the peripheral benzodiazepine receptor (TSPO). /. 
Biol. Chem. doi: 10.1074/jbc.Ml 14.549634 [Epub ahead of print]. 

Slotte, J. P. (1999). Sphingomyelin-cholesterol interactions in biological and model 
membranes. Chem. Phys. Lipids 102, 13-27. doi: 10.1016/S0009-3084(99)00071-7 

Smith, R. A., and Murphy, M. P. (2010). Animal and human studies with the 
mitochondria-targeted antioxidant MitoQ. Ann. N. Y. Acad. Sci. 1201, 96-103. 
doi: 10.1 1 1 l/j,1749-6632.2010.05627.x 

Srinivasan, S., and Avadhani, N. G. (2012). Cytochrome c oxidase dys- 
function in oxidative stress. Free Radic. Biol. Med. 53, 1252-1263. doi: 
10.1016/j.freeradbiomed.2012.07.021 

Starke, D. W., Chock, P. B., and Mieyal, J. J. (2003). Glutathione-thiyl radical 
scavenging and transferase properties of human glutaredoxin (thioltransferase). 
Potential role in redox signal transduction. /. Biol. Chem. 278, 14607-14613. doi: 
10.1074/jbc.M210434200 

Stroher, E., and Millar, A. H. (2012). The biological roles of glutaredoxins. Biochem. 
J. 446, 333-348. doi: 10.1042/BJ20112131 

Sun, E, Zhou, Q., Pang, X., Xu, Y., and Rao, Z. (2013). Revealing various coupling of 
electron transfer and proton pumping in mitochondrial respiratory chain. Curr. 
Opin. Struct. Biol. 23, 526-538. doi: 10.1016/j.sbi.2013.06.013 

Taylor, R. C, Cullen, S. P., and Martin, S. J. (2008). Apoptosis: controlled demolition 
at the cellular level. Nat. Rev. Mol. Cell Biol 9, 231-241. doi: 10.1038/nrm2312 

Thathiah, A., Horre, K., Snellinx, A., Vandewyer, E., Huang, Y., Ciesielska, M., et al. 
(2013). beta-arrestin 2 regulates Abeta generation and gamma-secretase activity 
in Alzheimer's disease. Nat. Med. 19, 43-49. doi: 10.1038/nm.3023 

Tilg, H., and Diehl, A. M. (2000). Cytokines in alcoholic and nonalcoholic steato- 
hepatitis. N. Engl. }. Med. 343, 1467-1476. doi: 10.1056/NEJM200011163432007 

Trachootham, D., Zhou, Y., Zhang, H, Demizu, Y, Chen, Z., Pelicano, H., 
etal. (2006). Selective killing of oncogenically transformed cells through a 
ROS-mediated mechanism by beta-phenylethyl isothiocyanate. Cancer Cell 10, 
241-252. doi: 10.1016/j.ccr.2006.08.009 

Van der Eecken, V., Clippe, A., Van Veldhoven, P. P., and Knoops, B. (2011). Mito- 
chondrial targeting of peroxiredoxin 5 is preserved from annelids to mammals 
but is absent in pig Sus scrofa domesticus. Mitochondrion 11, 973-981. doi: 
10.1016/j.mito.201 1.06.013 

van Zandwijk, N, Dalesio, O., Pastorino, U., de Vries, N., and van Tinteren, H. 
(2000). EUROSCAN, a randomized trial of vitamin A and N-acetylcysteine in 
patients with head and neck cancer or lung cancer. For the European Organi- 
zation for Research and Treatment of Cancer Head and Neck and Lung Cancer 
Cooperative Groups. /. Natl. Cancer Inst. 92, 977-986. doi: 10.1093/jnci/92. 
12.977 

Varatharajalu, R., Garige, M., Leckey, L. C, Arellanes-Robledo, J., Reyes-Gordillo, 
K., Shah, R., etal. (2014). Adverse signaling of scavenger receptor class Bl, 
and PGCls in alcoholic hepatosteatosis, and steatohepatitis, and protection by 
betaine in rat. Am. ]. Pathol, doi: 10.1016/j.ajpath.2014.03.005 [Epub ahead of 
print] . 

Venditti, P., Di Stefano, L., and Di Meo, S. (2013). Mitochondrial metabolism 
of reactive oxygen species. Mitochondrion 13, 71-82. doi: 10.1016/j.mito.2013. 
01.008 

Venkatakrishnan, P., Nakayasu, E. S., Almeida, I. C, and Miller, R. T. (2009). Absence 
of nitric-oxide synthase in sequentially purified rat liver mitochondria. /. Biol. 
Chem. 284, 19843-19855. doi: 10.1074/jbc.M109.003301 



Vetrivel, K. S., Cheng, H, Kim, S. H., Chen, Y, Barnes, N. Y, Parent, A. X, etal. 
(2005). Spatial segregation of gamma-secretase and substrates in distinct mem- 
brane domains. /. Biol. Chem. 280, 25892-25900. doi: 10.1074/jbc.M503570200 

Wadey, A. L., Muyderman, H., Kwek, P. T, and Sims, N. R. (2009). Mitochon- 
drial glutathione uptake: characterization in isolated brain mitochondria and 
astrocytes in culture. /. Neurochem. 109(Suppl. 1), 101-108. doi: 10.1 1 1 1471- 
4159.2009.05936.x 

Wahrle, S., Das, P., Nyborg, A. C, McLendon, C, Shoji, M., Kawarabayashi, 
T, etal. (2002). Cholesterol-dependent gamma-secretase activity in buoy- 
ant cholesterol-rich membrane microdomains. Neurobiol. Dis. 9, 11-23. doi: 
10.1006/nbdi.2001.0470 

Watson, J. (2013). Oxidants, antioxidants and the current incurability of metastatic 
cancers. Open Biol. 3:120144. doi: 10.1098/rsob.l20144 

Webber, K. M., Stocco, D. M., Casadesus, G., Bowen, R. L., Atwood, C. S., Previll, 
L. A., etal. (2006). Steroidogenic acute regulatory protein (StAR): evidence of 
gonadotropin-induced steroidogenesis in Alzheimer disease. Mol. Neurodegener. 
1:14. doi: 10.1186/1750-1326-1-14 

Wilkins, H. M., Brock, S., Gray, J. J., and Linseman, D. A. (2014). Stable over- 
expression of the 2-oxoglutarate carrier enhances neuronal cell resistance to 
oxidative stress via Bcl-2-dependent mitochondrial GSH transport. /. Neurochem. 
doi: 10.1111/jnc.l2709 [Epub ahead of print]. 

Wilkins, H. M., Kirchhof, D., Manning, E., Joseph, J. W., and Linseman, D. A. 
(2013). Mitochondrial glutathione transport is a key determinant of neuronal 
susceptibility to oxidative and nitrosative stress. /. Biol. Chem. 288, 5091-5101. 
doi: 10.1074/jbc.Ml 12.405738 

Wilkins, H. M., Marquardt, K., Lash, L. H, and Linseman, D. A. (2012). Bcl-2 
is a novel interacting partner for the 2-oxoglutarate carrier and a key regu- 
lator of mitochondrial glutathione. Free Radic. Biol. Med. 52, 410-419. doi: 
10. 10 16/j.freeradbiomed.20 1 1 . 1 0.495 

Wolozin, B., Kellman, W., Ruosseau, P., Celesia, G. G., and Siegel, G. 
(2000). Decreased prevalence of Alzheimer disease associated with 3-hydroxy- 
3-methyglutaryl coenzyme A reductase inhibitors. Arch. Neurol. 57, 1439-1443. 
doi: 10.1001/archneur.57.10.1439 

Xu, E, Putt, D. A., Matherly, L. H., and Lash, L. H. (2006). Modulation of 
expression of rat mitochondrial 2-oxoglutarate carrier in NRK-52E cells alters 
mitochondrial transport and accumulation of glutathione and susceptibility to 
chemically induced apoptosis. /. Pharmacol. Exp. Ther. 316, 1175-1186. doi: 
10.1124/jpet.l05.094599 

Yang, W. S., SriRamaratnam, R., Welsch, M. E., Shimada, K., Skouta, R., 
Viswanathan, V. S., etal. (2014). Regulation of ferroptotic cancer cell death by 
GPX4. Cell 156, 317-331. doi: 10.1016/j.cell.2013. 12.010 

Yee, C, Yang, W., and Hekimi, S. (2014). The intrinsic apoptosis pathway mediates 
the pro-longevity response to mitochondrial ROS in C. elegans. Cell 157, 897-909. 
doi: 10.1016/j.cell.2014.02.055 

Yin, E, Sancheti, H., and Cadenas, E. (2012). Mitochondrial thiols in the reg- 
ulation of cell death pathways. Antioxid. Redox Signal. 17, 1714-1727. doi: 
10.1089/ars.2012.4639 

Youle, R. J., and Strasser, A. (2008). The BCL-2 protein family: opposing activities 
that mediate cell death. Nat. Rev. Mol. Cell Biol. 9, 47-59. doi: 10.1038/nrm2308 

Yue, P., Zhou, Z., Khuri, E R., and Sun, S. Y. (2006). Depletion of intracellu- 
lar glutathione contributes to JNK-mediated death receptor 5 upregulation and 
apoptosis induction by the novel synthetic triterpenoid methyl-2-cyano-3, 12- 
dioxooleana-1, 9-dien-28-oate (CDDO-Me). Cancer Biol. Ther. 5, 492^97. doi: 
10.4161/cbt.5.5.2565 

Yu, W, Gong, J. S., Ko, M., Garver, W. S., Yanagisawa, K., and Michikawa, 
M. (2005). Altered cholesterol metabolism in Niemann-Pick type CI mouse 
brains affects mitochondrial function. /. Biol. Chem. 280, 11731-11739. doi: 
10.1074/jbc.M412898200 

Zhang, H., Go, Y. M., and Jones, D. P. (2007). Mitochondrial thioredoxin- 
2/peroxiredoxin-3 system functions in parallel with mitochondrial GSH system 
in protection against oxidative stress. Arch. Biochem. Biophys. 465, 119-126. doi: 
10.1016/j.abb.2007.05.001 

Zhao, P., Kalhorn, T. E, and Slattery, J. T. (2002). Selective mitochondrial glutathione 
depletion by ethanol enhances acetaminophen toxicity in rat liver. Hepatology 36, 
326-335. doi: 10.1053/jhep.2002.34943 

Zhong, Q., Putt, D. A., Xu, E, and Lash, L. H. (2008). Hepatic mito- 
chondrial transport of glutathione: studies in isolated rat liver mitochondria 
and H4IIE rat hepatoma cells. Arch. Biochem. Biophys. 474, 119-127. doi: 
10.1016/j.abb.2008.03.008 



Frontiers in Pharmacology | Experimental Pharmacology and Drug Discovery 



July 2014 | Volume 5 | Article 151 | 18 



Ribas etal 



Glutathione and mitochondria 



Zhu, H., Santo, A., and Li, Y. (2012). The antioxidant enzyme peroxiredoxin and 
its protective role in neurological disorders. Exp. Biol. Med. (Maywood) 237, 
143-149. doi: 10.1258/ebm.2011.011152 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 27 May 2014; paper pending published: 04 June 2014; accepted: 10 June 2014; 
published online: 01 July 2014. 



Citation: Ribas V, Garcia-Ruiz C and Ferndndez-Checa JC (2014) Glutathione and 
mitochondria. Front. Pharmacol 5:151. doi: W.3389/fphar.2014.00151 
This article was submitted to Experimental Pharmacology and Drug Discovery, a 
Section of the journal Frontiers in Pharmacology. 

Copyright © 2014 Ribas, Garcia-Ruiz and Ferndndez-Checa. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, pro- 
vided the original author (s) or licensor are credited and that the original publication in 
this journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms. 



www.f rontiersin .org 



July 2014 | Volume 5 | Article 151 | 19 



